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AN EXPERIMENTAL STUDY OF ABNORMALITIES PRODUCED IN 
THE ORGANISM BY ELECTRICITY* 


ORTHELLO R. LANGWORTHY AND WILLIAM B. KOUWENHOVEN 


From the Departments of Neurology and Electrical Engineering, 
The Johns Hopkins University, Baltimore, Md. 


GENERAL INTRODUCTION 


EX-BLAKE (1) in his Goul- 
J stonian Lectures discussed the 
injuries produced by electricity; 
more recently Jaffé (2) has published 
a review of this whole subject. From 
these two articles a summary of gen- 
eral information has been prepared that 
introduces the experiments with which 
this paper deals. The reader is re- 
ferred to these two papers for further 
information and for references to 
original work. | 
The first fatal accident with elec- 
tricity followed the introduction of the 
dynamo in 1879 and was produced by 
an alternating current at 250 volts; 
with the rapid development of the 
electrical industry the number of ac- 
cidents has increased, although it has 
not paralleled the extensive use of 


* Received for publication Dec. 4, 1929. 


electricity. In 1913, 670 deaths in 
the United States were attributed to 
electricity. The ages of greatest inci- 
dence of shock are from 15 to 30, 
probably owing to less attention to 
work and less reflection in young 
workers. ‘Those who work habitually 
with electric circuits develop a dan- 
gerous disregard for them. 

Six factors must be considered when 
an electric accident is investigated: (1) 
voltage; (2) amperage; (3) duration of 
contact; (4) type of circuit (continuous 
or alternating); (5) position of the 
electrodes; and (6) resistance offered 
by the body and by the contacts. 

Circuits supplying houses and fac- 
tories are commonly of 110 or 220 
volts, either alternating or continuous 
current. The opinion still prevails 


among many engineers and physicians 
that these voltages are not dangerous. 
This is not true, however, for a 110-volt 
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circuit may prove fatal. The number 
of deaths due to accidents with low 
voltages is increasing. 

With regard to the current, an 
irreversible stopping of the heart is 
produced in the dog by 70 to 80 milli- 
amperes. Tor man a current (alter- 
nating or continuous) of 18 milliam- 
peres is painful, and 20 milliamperes is 
bearable when the electrodes are held 
in the hands. For a normal person 
the current ought not to exceed 39 
milliamperes. A current of 50 to 60 
milliamperes is very dangerous, and 
100 milliamperes often causes death. 

The strength of an electric current 
in a given circuit is determined by 
dividing the applied voltage by the 
resistance of the circuit. In animal 
experimentation the number of am- 
peres may easily be determined. 
Alternating currents are considered 
more dangerous than continuous; some 


have placed the coefficient of danger of 
alternating and continuous currents as 


4:1. The continuous current  pro- 
duces electrolytic changes; the alter- 
nating current causes tetanization of 
the muscles and perspiration in the 
skin that the contact 
resistance. 

A determination of the resistance of 
the body to the passage of an electric 
current presents not only a problem 
of physics but a complex physiologic 
one. The electrical resistance is de- 
pendent on the cellular elements and 
is variable according to the variations 
in their intimate structure. It is dif- 
ferent for the various organs and 
always bears a certain relation to their 
morphologic structure and chemical 
constitution. Moreover, by the efiect 
of the electric current, heat is de- 
veloped and the resistance offered by 


decreases 


the body diminishes with the elevation 
of the temperature. In addition, the 
damage to the semipermeable mem- 
branes brings about variations in 
resistance. The resistance of the eon- 
tacts also is a determining factor in the 
amount of current that flows. 

The real conductors of the electric 
current in the body are the fluids that 
bathe the tissues. Blood is the best 
ecnductor and most of the current 
passes along the blood vessels. The 
greatest density of the electric current 
is found near the electrodes. It is 
important to determine not only 
whether vital organs are traversed 
by the current but also the amount of 
electricity to which they are exposed. 
This is difficult of any accurate 
measurement. 

The skin is an especially poor con- 
ductor of electricity and the resistance 
is in direct proportion to the thickness 
of the epidermis. ‘The possibilities of 
good conduction in the skin are due to 
the presence of sebaceous and sweat 
glands, with their secretion. The 
smaller the concentration of these 
glands in any area, the greater the 
resistance in comparison with the 
normal. The subcutaneous tissue, on 
account of its richness in blood vessels, 
is an especially good conductor. 
Fatty tissue is, in general, a poor 
conductor. ‘The muscle, because of its 
high content of water, ranks as a good 
conductor, especially striated muscle if 
the tendons and aponeuroses are ex- 
cluded. The peripheral nerves, 
because of their poor vascularization, 
are among the poor conductors. ‘The 
central nervous system offers a small 
resistance to the current because of 
the high fluid content, but the mass of 
bone by which it is surrounded makes 


J.1. H. 
Feb., 1930 














ABNORMALITIES PRODUCED BY ELECTRICITY 33 


the access of the current difficult. The 
bones offer a considerable resistance to 
the passage of the current; the denser 
the bone, the greater the resistance. 
If one attempts to compile a table of 
powers of conductivity of individual 
tissues, there is noticeable a parallelism 
with the fluid content indicated in 
parenthesis: muscle (75 per cent.); 
cerebellum (68 per cent.); bone (14 per 
cent.); peripheral nerves, skin, and 
bones (5 to 16 per cent.). 

The resistance of organisms to the 
current is relative. At the head of the 
scale of animals most resistant are 
frogs and turtles. Horses and dogs 
are readily killed by relatively small 
quantities of electricity. Rabbits, and 
especially rats, are much more resist- 
ant. The rat’s heart is said to recover 
spontaneously from the fibrillation 
into which it is thrown by the passage 
of the current. The rabbit’s heart 
often recovers spontaneously, the 
guinea-pig’s rarely, and the adult 
dog’s never. 

The pathologie changes produced in 
the tissues of the body have been sum- 
marized by Jaffé. Marked changes 
are found in the skin. In passing 
through the skin, the electric energy 
is transformed into heat which pro- 
duces the surface markings. <A free 
discharge causes the formation of elec- 
tric sparks which give burns of the 
third degree. The electric marking is 
painless and does not show a surround- 
ing inflammatory reaction. If the 
patient survives, the altered tissue 
breaks down slowly, presenting the 
picture of an aseptic necrosis without 
pus formation or general bodily reac- 
tion. It seems as if the defense 
mechanisms of the tissues had been 
paralyzed. 


Vol. 12 
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In traversing the body, electric cur- 
rents cause tetanic contractions of the 
entire musculature. The severe con- 
tractions account for the exhaustion 
and the lasting pains in the muscles. 
Both macroscopic and microscopic 
changes have been described. There 
is a displacement of the contractile 
substance of the fiber, and instead of 
the fine cross striation, coarse, hyaline 
transverse bands are seen. 

In high tension accidents, in which 
the current enters the body through 
the skull, lesions of the bone are com- 
mon. ‘There is sometimes a great per- 
foration of the skull with holes in the 
dura mater and small channels in the 
brain. Necrosis occurs in less severe 
accidents. 

The progressive character of the 
wounds caused by electricity seems to 
be due to an alteration of the blood 
vessels which may involve large sec- 
tions of them. The walls of the blood 
vessels through which the current has 
passed are brittle and friable. The 
endothelium is injured and _ parietal 
thrombi are attached to the intima. 
The great vulnerability of the blood 
vessels accounts for the severe hemor- 
rhages as complications of injuries due 
to electricity. 

Functional alterations in the heart 
play an important role in the explana- 
tion of death from electric shock. 
When a low tension current passes 
through the heart, complete inhibition 
takes place. There are incoordinate 
contractions of separate muscle 
bundles of the ventricles; this fibrilla- 
tion is produced by the direct action of 
the current on the muscle fibers and 
ganglion cells of the heart. When a 
high tension current is applied, the 
heart stops immediately; when the 
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current is broken, the ventricles start 
to beat rapidly and strongly, and the 
arterial pressure rises. Most authors 
have been unable to find lesions of 
the heart. 

Pathologie changes in the blood have 
been reported. Hemoglobinuria after 
electrocution is rather common. A\l- 
ternating currents are said to hasten 
and continuous currents to delay 
coagulation of the blood. Immedi- 
ately after the accident there is a 
leukocytosis and the appearance in the 
circulating blood of abnormally large 
white cells. 

The frequent occurrence of albumin 
in the urine after accidents due to 
electricity suggests an alteration of the 
kidneys. ‘This change is not due di- 
rectly to the trauma but to the toxie 
products of abnormal protein cleavage. 

A nerve through which an electric 
current has passed loses its irritability 
and conductivity. A twisting and 
swelling of the axons and a breaking 
down of the nerve sheaths 
been found. 

After exposure to a circuit at 600 
volts or over, animals tend to show a 


have 


number of signs that indicate a grave 
involvement of the central nervous 
‘This is more marked in small 
animals than in large animals since, 
other things being equal, the current 
density will be greater in the smaller 
animal. 


system. 


These signs consist in such 


phenomena as arrest of respiration and 


its resumption in an irregular manner, 
clonic spasms, loss of sensation and 
reflexes, great prostration and slow 
recovery. 

Jaeger states that the effect of an 
electric shock is similar to a concussion 
of the brain; its severity and duration 
vary within wide limits. If the victim 


is not killed or rendered lifeless by the 
current, consciousness may return 
after a few seconds. On the other 
hand, the shock may last for hours or 
even for days. The unconsciousness 
may pass into a deep comatose condi- 
tion which is interrupted by severe 
convulsions terminating in death. 

Jellinek believes that there is a rise 
in the pressure of the cerebrospinal 
fluid following the electric shock. He 
recommends a spinal puncture in 
severe cases. Muller found blood in 
the cerebrospinal fluid after a shock 
at 30,000 volts. 

Investigators do not agree concern- 
ing the changes produced in the nerv- 
ous system. Many believe that 
visible lesions are present only when 
large quantities of electricity pass 
through the body for a long time. 
Small perivascular hemorrhages have 
been reported especially in the medulla 
and in the floor of the fourth ventricle; 
these hemorrhages are common after 
legal electrocution. Chromatolysis of 
the ganglion cells and rupture of the 
cells with dislocation of the nuclei 
have been seen. Gubler described a 
loosening of the glia, vacuolation of the 
nerve cells, and an approximation of 
the nuclei to the walls of the cell. 
Kawamura says that some nerve cells 
appear normal while others are 
shrunkenand hyaline. Inthe medulla 
oblongata the Nissl substance is broker 
into small granules. 

Mott and Schuster described the 
lesions in a man who recovered from a 
shock at a 20,000-volt potential and 
lived for seven hours thereafter. ‘The 
autopsy was performed thirty-nine 
hours after death. There were 
petechial hemorrhages in the visceral 
pericardium and the urine in the blad- 
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der was deeply blood stained. There 
was a hemorrhage in the occipital lobe 
of the brain. The large motor cells of 
the central nervous system stained a 
diffuse dull purple. A diffuse chroma- 
tolysis exposed an intracellular and in- 
tranuclear network; the chromatin that 
remained was more or less encrusted 
on the trabeculae of this network. 

Spitzka and Radasch sectioned the 
brains of five electrocuted criminals 
and found peculiar areas from 25 to 
200 microns in diameter around small 
blood vessels. There was a central 
rarefied zone and a peripheral con- 
densed one. They explained their 
observations on the basis of a sudden 
liberation of gas bubbles by the elec- 
trolytic action of the currents. Since 
the currents used were alternating, it 
is more likely that the vacuolation 
resulted from excessive temperatures. 
In electrocution the brain becomes 
exceedingly warm; a temperature of 
145°F. has been recorded. 

Although the changes seen in the 
central nervous system are not typical 
of death due to electricity, many con- 
sider them a direct result of the action 
of the current. Others call them arti- 
facts or postmortem changes. 

Late changes are found in the eye, 
with progressive diminution of vision. 
There are numerous flaky opacities 
near the anterior capsule and in the 
deeper layers of the lens. 

In a majority of the cases that sur- 
vive the immediate effects of the shock, 
no lasting disturbances are present. 
The question regarding the cause of 
death due to electricity centers around 
a paralysis of the heart or of the respir- 
atory center. The postmortem obser- 
vations do not prove any of the 
theories that have been advanced to 
explain death in fatal cases. 


Vol, 12 
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[t is believed that men aware of the 
danger may withstand an electric 
shock which would be fatal if the cur- 
rent entered the body unexpectedly. 
The resistance to electric currents is 
increased during sleep. <A _ consider- 
able number of persons killed by elec- 
tric currents reveal preexistent ana- 
tomic lesions. It is said that rabbits 
anesthetized with chloroform with- 
stand a shock which would be fatal to 
normal animals. [atigued animals 
present a greater probability of being 
seriously injured by the current than 
do nonfatigued animals. Young 
animals are thought to be more resist- 
ant than those which are mature. 

At high voltages the brain and spinal 
cord are more often injured, while at 
lower voltages the heart is made to 
fibrillate. Artificial respiration by the 
Schifer method is recommended as the 
only type of treatment holding out any 
hope. This procedure is primarily 
advantageous in the cases of respira- 
tory failure; its value is doubtful in 

ases of ventricular fibrillation al- 

though here the method offers a gentle 
massage of the cardiac musculature. 
It is not known that the hearts of the 
larger mammals, including man, ever 
recover spontaneously from ventricular 
fibrillation. Some type of counter 
shock has been suggested as a means of 
restoring the normal rhythm of the 
ventricles. Thus, contact with a high 
voltage circuit may combat the fibril- 
lation produced by a current at a low 
voltage, or stimulation of sensory 
nerves may accomplish the same re- 
sults. Experimental studies have 
yielded little proof of the value of 
counter shock as a of re- 
suscitation. 

At the present time chief reliance 
must be placed on safety appliances 


means 
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and preventive regulations to reduce 
electric accidents to a minimum. 
When accidents do occur, artificial 
respiration should be applied at once. 
Boruttau (1918) found that 90 per cent. 
of the fatalities were due to ventricular 
fibrillation (3, p. 141). Ram (1922) 
thinks that, provided proper treat- 
ment by artificial respiration is applied, 
the risks to life are decidedly less with 
relatively high voltages than with 
lower ones (3, p. 141). There is a 
that electric companies 
should attempt to employ a rather 
phlegmatie type of individual with a 
stable autonomic nervous system. 


suggestion 


IeXPERIMENTAL STUDY 
Introduction 


The possible causes of human deaths 
due to electric shocks may be divided 
into four groups. The prolonged 
tetanus during the passage of the cur- 
rent may produce death by asphyxia- 
tion. Many fatal accidents are at- 
tributed to primary heart failure, 
usually with ventricular fibrillation. 
A third group is caused by failure of 
respiration through nervous inhibition 
or actual damage to the central 
nervous Finally, delayed 
death may be due to burns or other 
complications. The present experi- 
ments are concerned primarily with 
the injuries that result from damage 
to the nervous system. The first two 


system. 


possible causes of death are largely 


ruled out of consideration by the terms 
of the experiments. The application 
of the current was of such short dura- 
tion that death due to prolonged 
tetanus was not likely to occur. 
Moreover, in small animals such as the 
rat, the heart recovers spontaneously 


from fibrillation. It seems likely that 
no deaths in this present series may be 
attributed to cardiac failure. 

In planning the experiments, two 
questions were of primary considera- 
tion. Is it possible to demonstrate 
definite lesions of the central nervous 
system in all cases of death by elec- 
tricity with respiratory failure? How 
many cases of delayed death are due 
to demonstrable lesions in the central 
nervous system? It must be con- 
stantly borne in mind that the findings 
in one species of mammals cannot be 
expected to apply in their entirety to 
othermammalsincludingman. There 
is a possibility, however, that these 
experiments may suggest lines of 
investigation that may be profitably 
followed in the case of larger mammals 
whose reactions to electric shocks are 
more closely akin to human reactions. 

There are two avenues of approach 
to the problem of injuries produced by 
electricity—experiments on animals 
and studies of human accidents. Ani- 
mals are somewhat unsatisfactory in 
that they differ in their reactions to 
electric currents, as has already been 
explained. The fact that the hearts 
of rabbits and of rats recover spon- 
taneously from fibrillation makes them 
more resistant. 

In the present study, portions of the 
central nervous system of two men 
were obtained for study and sections 
were stained with thionin. A further 
description of these brains will be given 
later. One died from accidental con- 
tact with a 2,200-volt system, the 
other was legally electrocuted. In 
similar human material, hemorrhages 
and injuries of the nerve cells have 
already been described and these find- 
ings were to some extent confirmed in 
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the present studies. ‘These abnormali- 
ties are so subtle that it would be 
difficult ever to prove conclusively 
that they were not due to postmortem 
changes, faulty fixation, or staining. 
The interesting case of Mott and 
Schuster already described, in which 
the patient lived for seven hours, is 
subject to similar criticism in that the 
autopsy was so long delayed. It 
seemed logical to believe that any 
injury to the nerve cell could be seen 
with particular clarity if an experi- 
mental animal was allowed to live for a 
period of hours or days after the elec- 
tric injury, and was then killed and 
the central nervous system was fixed 
immediately. The results obtained 
seem to confirm this opinion. 

Rats were chosen as experimental 
animals because of the ease with which 
they could be transported in numbers 
from one laboratory toanother. They 
have a great advantage, as has been 
already mentioned, in that the heart 
recovers spontaneously from fibrilla- 
tion. 

Urquhart (3) has recently reported 
an elaborate experimental study of 
electric shocks. In one group of 
rabbits, the current was applied 
through electrodes attached to one 
hind leg and upon the shaved occiput. 
In nine of the thirty-three cases, 
spontaneous respiration occurred fol- 
lowing the application of the current. 
In six others, artificial respiration 
brought about recovery. ‘The remain- 
ing eighteen animals died. In four- 
teen of these it seemed likely that the 
heart, quite apart from fibrillation, 
had been damaged in some way by 
the current, since it stopped beating 
either within one minute of the applica- 
tion of the electric current or at a 


Vol. 12 
No. 2 





ABNORMALITIES PRODUCED BY ELECTRICITY 37 


later interval in spite of continued 
artificial respiration. 

Urquhart then allowed the current 
to pass through the head without sub- 
jecting the heart to the direct action 
of the current. One electrode con- 
sisted of a straight piece of copper wire 
which was inserted well back in the 
nasal cavity. The second electrode 
was arranged to fit snugly on the 
exposed atlanto-occipital ligament. 
The animals were anesthetized. Ina 
series of experiments with currents of 
from 500 to 2,300 milliamperes for two 
seconds, all the rabbits could be saved 
with artificial respiration with the 
exception of those in which the brain 
stem was actually charred by burning 
in the region of the atlanto-occipital 
ligament. This occurred when the 
current density became too great for 
the electrode placed in this region. 
In general, a current of from 6600 to 
700 milliamperes produced a perma- 
nent apnea unless artificial respiration 
was applied. The depression of the 
respiratory center was more prolonged 
in cases in which the initiation of 
artificial respiration was delayed for 
seconds or for minutes. 

The effects of the electric shock 
upon blood pressure as demonstrated 
by Urquhart are particularly impor- 
tant for an understanding of the pres- 
ent results. During the passage of the 
current the rabbit was in a general 
tonic convulsion and the heart was 
stopped. When the current was 
broken, complete muscular relaxation 
followed, and the blood pressure fell 
momentarily and then rose to about 
twice its normal height. ‘The blood 
pressure soon fell to about one-half the 
normal level and then returned gradu- 
ally to the normal pressure. The 
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explanation of this phenomenon is as 
follows. During the passage of the 
current, with more or less complete 
inhibition of the heart, the venous 
side of the circulation became greatly 
distended with blood, this condition 
resulting from the generalized tonic 
contraction of all the muscles of the 
body. ‘The sudden cessation of this 
tonic spasm, when the current was 
broken, momentarily reduced the pres- 
sure on the arterial side and the blood 
pressure fell. The rapid increase in 
blood pressure occurred because the 
blood which had accumulated upon 
the venous side was suddenly forced 
into the arterial circulation. This 
rapid inerease in blood pressure was 
the probable cause of many of the 
capillary hemorrhages which were 
found in the brain and the spinal 
cord. 

Since the heart of the rat is so resist- 
ant to the effects of the electric cur- 
rent, no attempt was made in the 
present experiments to apply the cur- 
rent particularly to the central nervous 
system, leaving the heart outside of 
the direct path of the current. The 
results give the impression that the 
heart was not primarily damaged since 
it beat in every case for a short time 
after the respirations ceased. 

Sections of the nervous system were 
cut and examined by Urquhart, but 
no definite report of this material is 
given. Since he believed that the 
nerve block was temporary, he did 
not expect that any typical lesions 
would be found. He points out that 


short periods of asphyxia produce 
changes in the structure of both sen- 
sory and motor nerve cells, those of 
the cerebellum and cerebrum being 


the most sensitive, and that therefore 
one must take great care in the inter- 
pretation of similar changes before 
attributing them to the action of the 
electric current. It does not seem 
possible, however, that the mere 
paralysis of respiration produced by 
application of a current for a few sec- 
onds up to half a minute would pro- 
duce structural changes in the cells of 
the central nervous system. 
Urquhart gave more attention to 
the presence of capillary hemorrhages 
in the nervous system since there has 
been a suggestion that hemorrhages 
were associated with failure of the 
eardiac and the respiratory centers 
of the medulla. He failed to find any 
evidence of this association. Al- 
though small hemorrhages were fre- 
quently found in the proximity of the 
dorsal motor nucleus of the vagus 
nerve, they were just as frequently 
found in other parts of the brain and 
the spinal cord. When these hemor- 
rhages did occur, Urquhart believed 
that they were probably due to the 
sudden great increase in blood pressure 
which followed the passage of the 
electric current through the body and 
not to the local effect of the current. 
Their presence, he thought, was prob- 
ably not an important factor in death 
from electricity. Since no significant 
morphologic changes could be noted 


in the brains of the animals and since 
he found that a majority of the ani- 
mals could be saved by artificial 
respiration, he believed that a tem- 
porary nerve block was established in 
the respiratory, vagus, and vasomotor 
centers when the current passed di- 
rectly through the brain. 
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Methods 

The 110 and 220 volt alternating 
and continuous current supplies were 
taken directly from the laboratory 
circuits. The 500 and 1,000 alter- 
nating current voltages were furnished 
by a step-up transformer with a ratio 
of 1:10. The frequency of the alter- 
nating current was 60 cycles. The 
primary voltage was obtained from a 
special alternator driven at constant 
speed and its value was controlled by 
adjusting the magnetic field of the 
aiternator. The 500 and 1,000 con- 
tinuous current voltages were taken 
from a 1,000-volt continuous voltage 
generator with a separately excited 
field. This generator was also driven 
at constant speed. A separate switch 
was used to close the circuit in which 
the animal was placed. 

In the first experiments at 500-volt 
and 1,000-volt alternating current po- 
tentials, the primary voltage, feeding 
the step-up transformer, was furnished 
from a 110-volt laboratory circuit and 
it was controlled by means of a poten- 
tiometer type of rheostat connected 
across the supply mains. The amount 
of current taken by the animals was 
larger than anticipated and resulted in 
a considerable fall in voltage owing to 
the drop in the potentiometer. Meas- 
urements showed that in the 500-volt 
tests the voltage fell to approxi- 
mately 100 volts, and that in the 1,000- 
volt test it fell to approximately 220 
volts. The actual values varied with 
the size of the animals. This poten- 
tiometer type of connection was there- 
fore abandoned and the primary volt- 
age was controlled by means of the 
magnetic field. | Nevertheless, the 
results on the circuits where the volt- 
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age was not maintained but where it 
fell upon the closure of the switch to 
about 20 per cent. of its first value 
were very interesting because they 
showed that the initial shock played a 
large part in the injury of the animal. 
With the magnetic field control, meas- 
urements were made on both the 500 
and the 1,000 volt alternating and con- 
tinuous current circuits which were 
maintained constant during each ex- 
periment. 

In making the tests, the voltage 
was adjusted to the desired value and 
the electrodes were placed in position 
on the animal. The operator at the 
proper time closed the switch in the 
circuit in which the animal was placed. 
The contacts which are called in- 
stantaneous were made by manual 
closure and opening of the switch in 
the shortest possible time. Time was 
measured by a stop watch. 

Preparatory to the shock, the rats 
were given ether until they were quiet. 
The areas where the electrodes were 
applied were thoroughly moistened 
with saline solution. A metal clip 
was attached at the base of the tail. 
The other electrode fitted snugly on 
the head and made a contact over the 
dorsal surface of the skull. After the 
electrodes were in place, the rat was 
allowed to recover from the effects of 
the anesthetic before the electric cur- 
rent was applied. 

No really adequate method of 
artificial respiration was devised. 
Tracheal insufflation was not feasible 
in such asmall animal. A respiration 
jar was built in which the pressure 
could be raised and lowered but this 
was of no great help. Attempts at 
resuscitation finally consisted in digital 
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pressure upon the chest, pulling out the 
tongue, stimulating the vagus nerves 
in the neck with the fingers, and efforts 
to keep the respiratory tract free from 
mucus. 


Observations 


The experiments to be discussed in 
this series were 286 in number and 
include groups shocked on alternating 
and continuous circuits at different 
potentials. Sinee the number is so 
large, it is necessary to present, first, 
statistical results obtained in the whole 
series; thereafter, more general findings 
will be considered and discussed. 

The data of these experiments may 
be grouped and examined in a number 
of different ways. First, it is proposed 
to deseribe the results obtained with 
alternating and continuous circuits 
using in each case four potentials at 
110, 220, 500, and 1,000 volts. It is, of 
course, clear that the current increased 
in each of these groups in rather direct 
ratio to the increase in potential 
inasmuch as the resistance remained a 
relatively constant factor. With each 
potential, characteristic results of the 
shock were obtained. The time that 
the current was allowed to flow 
through the body was varied in the 
different experiments of each series. 
In general, the time was longest with 
the lower voltages, since in all the 
series the duration was increased to a 
point where a number of the rats did 
not survive the shock. ‘The different 
experiments will first be described in 
groups on the basis of the potential of 
the alternating and the continuous 
circuits and later these groups will be 
compared. 


Alternating Circurt 
110-Volt Potential—Eleven rats 
were shocked with an alternating cir- 


cuit at 110 volts; the current wags 
allowed to flow for from ten to thirty 
seconds. ‘The current reading in this 
series was from 25 to 48 milliamperes, 
Of these eleven rats, seven recovered, 
three died, and one was paralyzed. 
The paralysis involved the posterior 
portion of the body and the hind legs. 
On the second day following the shock, 
the paralyzed rat was found to be in- 
continent and blood appeared in the 
urine. Little response was obtained 
to nocuous stimuli applied to the 
posterior portion of the body. 

The ten-second current application 
proved as fatal in this series as did the 
thirty-second. Of four rats subjected 
to the current for ten seconds, one 
recovered, two died, and one was 
paralyzed; of four that received the 
current for over twenty seconds, three 
recovered and one died immediately 
following the application. One of the 
rats that apparently recovered from 
the shock died three hours later. 

Only one of the eleven rats breathed 
spontaneously following the shock; 
artificial respiration was used for all 
the others. Three of the rats did 
not respond to stimulation but died 
at once although the heart beat well 
for several minutes. ‘Two of the 
rats that survived showed a very 
definite spasm of the entire striated 
musculature of the body, with a tremor 
of the extended legs, immediately 
following the shock. ‘The chest was 
expanded and there was a spasm of the 
muscles of the larynx. In two, bloody 
fluid appeared from the nose owing to a 
rupture of capillaries in the mucous 
membrane. 

Few of the animals recovered at 
once from the effect of the electric 
current. They lay quietly for several 
minutes to half an hour before they 
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attempted to walk. One animal in 
addition to the one showing clear-cut 
paralysis had a definite weakness of the 
hind legs following the shock; this 
weakness disappeared after a few 
hours. The animals even after they 
began to move about showed little 
activity for the first twenty-four hours. 
During this period they did not eat or 
drink. Later their behavior seemed 
normal. 

A summary may be given of the 
gross appearance of the central nervous 
system which was removed imme- 
diately after the death of the rats. In 
seven the nervous system appeared 
srossly normal. The paralyzed rat 
showed a large hemorrhage in the 
lumbar portion of the spinal cord 
which will be recognized as a charac- 
teristic lesion described in detail later. 
One rat bled from the nose following 
the shock, and the hind legs were 
found definitely to be weak although 
they became normal later; in this case 
there was a hemorrhage in the third 
and the lateral ventricles. There was 
a developing hemorrhage in the spinal 
cord of one rat that died as an imme- 
diate result of the injury and in 
another that died three hours after 
exposure to the current. 

In summary, it is clear that an 
alternating circuit at 110 volts giving 
a current of 25 to 48 milliamperes, 
allowed to flow for from ten to thirty 
seconds, produces severe injuries in 
rats. Three of eleven rats died at 
once, one died after three hours, and 
one was paralyzed. Artificial respira- 
tion had to be used in almost every 
case. In four rats definite gross ab- 
normalities were found in the central 
hervous system. 

220-Volt Potential—The series be- 
came progressively more interesting 
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with the higher potentials, inasmuch 
as the resulting abnormalities were 
more numerous and _ pronounced. 
Thus, of twenty-nine rats subjected 
to an alternating 220-volt circuit, only 
eight recovered without obvious de- 
fect, eleven died at once, and ten were 
paralyzed. The initial current read- 
ings were from 80 to 210 milliamperes. 
The time of current application was 
from five to thirty-five seconds. 
During the passage of the current the 
resistance rapidly decreased provided 
no burning occurred at the site of the 
contacts, and the current increased on 
long time applications, for example 
from 210 to 286 milliamperes. 

Within certain time limits, from 
five to fourteen seconds, there was a 
slow increase in the death rate follow- 
ing the injury. Of four rats which 
received the current for five seconds 
two recovered completely and two 
were paralyzed. Six rats received the 
shock for fourteen seconds; four died 
at once and two recovered. FT ourteen 
seconds is probably close to the upper 
limit of time that rats can be subjected 
to a circuit at this potential and any 
recoveries be expected. Artificial res- 
piration had to be used for a long 
time to save these rats. 

Two rats that received the current 
for five seconds began to breathe 
spontaneously; in all the other experi- 
ments artificial respiration had to be 
used. It was possible to tell almost 
immediately after artificial respiration 
was begun whether or not it would be 
possible to save the rat. If the chest 
expanded well and it was possible to 
force air into the lungs, the resump- 
tion of breathing was to be expected. 
If the chest was completely collapsed 
and no response was obtained, no 
hope of recovery could be entertained. 
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The experiments with alternating 
current differed markedly from those 
with continuous current, since with 
alternating current a spasm of the 
musculature persisted for several sec- 
onds or several minutes after the 
shock. Often a definite tremor of the 
extremities was seen, together with 
rhythmic movements of the muscles 
of mastication quite unassociated with 
any attempts at breathing. The chest 
was usually fixed in expansion and a 
spasm of the muscles of the larynx 
occurred so that it was difficult to 
expel the air from the lungs. With 
continuous current this persistent 
spasm of the musculature after the 
shock was seldom encountered. The 
expansion of the chest in the rats 
shocked with the alternating circuit 
favored attempts at artificial respira- 
tion. On the other hand, the persist- 
ent spasm of the laryngeal muscles 
made it difficult for air to enter. 

Only four of the eleven animals that 
died soon after the shock failed to 
respond to artificial respiration. The 
remainder began breathing but res- 
piration was shallow and labored and 
ceased after a time. One of the four 
was subjected to the current for thirty- 
five seconds. ‘The current increased 
from 80 to 166 milliamperes and the 
rectal temperature rose from 36.5°C. 
to 38°C. The heart did not beat 
following the shock and the rat never 
breathed. The heart beat well for 
several minutes in all the other rats 
that died as an immediate sequel to 
the experiment. 

The rats that survived showed many 
curious abnormalities as the 
diate result of the injury. In many 
eases bloody fluid emerged from the 
nose and blood was seen in the eyes 


imme- 


as the result of rupture of blood vessels 
in the conjunctivae. When the eye 
bled, the pupil on the side of the 
bleeding was constricted. This eon- 
striction was maintained for only 4 
few hours. 

When respirations began, following 
artificial stimulation, they were often 
definitely abnormal for a_ period 
of several hours. In many the res- 
pirations were shallow and slow, in 
others labored and irregular. Many 
breathed fast and the respirations 
were shallow. While a great ma- 
jority breathed normally after a few 
hours, in others respiration was fast 
and shallow until they were killed 
several days later. 

Emission occurred in one male 
during the application of the current. 
This was more common with the eir- 
cuits at higher potential. 

There were gross pathologie changes 
in the central nervous system in many 
rats in this series. The rats with the 
posterior portion of the body para- 
lyzed following the experiment, ten in 
number, or 34 per cent. of the twenty- 
nine rats, all showed one charac- 
teristic lesion. In each of these rats an 
extensive hemorrhage had occurred, 
beginning in the lower thoracic re- 
gion of the cord and extending in 
both directions, producing a severe 
necrosis of both the gray and the white 
matter. In this group of animals, 
complete transverse necrosis seldom 
occurred and it was possible to obtain 
during life some response to nocuous 
stimuli applied to the posterior portion 
of the body. ‘These animals were not 
noticed to be incontinent during the 
first twenty-four hours following the 
injury but later blood was found in 
the urine. At autopsy the bladder 
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was greatly distended. Hemorrhages 
had oecurred in the wall and often a 
large clot filled the bladder. 

No characteristic gross pathologic 
lesion was found in the central nervous 
systems of the eleven rats that died 
as an immediate result of the shock. 
In seven the nervous system seemed 
normal; a beginning hemorrhage in 
the lumbar cord was found in three, 
and in one a large quantity of blood 
was found in the cerebral ventricles. 

Of the eight normal rats, or 28 
per cent. of the twenty-nine subjected 
to this experiment, the brain was 
grossly normal in six, one had a ques- 
tionable hemorrhage in the lumbar 
cord, and no specimen was obtained 
from the other animal. 

In summary, considerable injury 
was produced in a group of twenty- 
nine rats subjected to an alternating 
circuit at 220-volt potential for from 
five to thirty-five seconds. ‘The initial 
current reading was from 80 to 210 
milliamperes. Eleven rats died at once, 
ten were permanently paralyzed, and 
only eight appeared normal there- 
after. Artificial respiration was used 
in almost every case and when breath- 
ing was resumed it was definitely ab- 
normal. There was bloody fluid from 
the nose and a rupture of small vessels 
in the conjunctiva. Characteristic 
gross lesions were found in the central 
nervous system at autopsy. 

500-V olt Potential.— Twenty-six rats 
were shocked with a circuit at 500-volt 
potential; the contact was maintained 
for from one to four seconds. The 
current readings were 240 to 490 
milliamperes. Ten of these rats, or 
38 per cent., recovered and were 
normal; thirteen, or 50 per cent., were 
paralyzed; and three, or 12 per cent., 


Vol, 12 
No 2 


died immediately. It will be observed 
that the time the contact was main- 
tained was relatively short in com- 
parison with the series just studied, 
where the shortest time the current 
was allowed to pass was five seconds. 
Because of this variation of time ele- 
ment, no direct comparison of the 
mortality can be made. The impor- 
tance of the time element will be clear 
from the following statements. Six 
rats were subjected to the current for 
one second; four recovered completely 
and two were paralyzed. On the other 
hand, five rats were exposed to the 
current for four seconds; one died at 
once and the other four were par- 
alyzed. It is clear that few if any 
complete recoveries could be expected 
after a four-second contact with a 
system of this potential. Artificial 
respiration was used with all but three 
of the rats; when the time of exposure 
was relatively long, it was more diffi- 
cult to initiate normal respiration. 
During the time of passage of the 
current a strong tonic contraction 
of the musculature was present. The 
forelegs were stiffly extended and the 
hind legs adducted. The increased 
tonus persisted for several seconds 
after the circuit was broken; tremors 
and clonic movements appeared in the 
extremities. The chest was fixed in 
expansion and increased tonus of the 
laryngeal muscles made it difficult to 
expel air from the lungs or for any air 
to enter. Emission occurred almost 
invariably in the male rats subjected 
to the current for three or four seconds 
but was not seen with the shorter ex- 
posures. In one rat a vertical nystag- 
mus of the eyes persisted for two hours 
following the injury. ‘There was 
bleeding from the mucous membranes 
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of the nose and from the conjunctivae 
in many cases. ‘The sex of the rats 
was noted in every case and no 
differences in susceptibility to the 
current were noted in the males and 
the females. 

The gross pathologie picture differed 
from that already described only in the 
increased local injury in the areas 
where the contacts were applied. The 
typical hemorrhage in the lumbar 
cord was observed in those rats that 
were paralyzed following the injury. 
The central nervous systems of the 
rats that seemed to recover completely 
from the shock appeared grossly 
normal in every case. The surface of 
the cortex was badly burned in one of 
the animals that died immediately; one 
showed a hemorrhage in the spinal 
cord; the third was normal. In those 
subjected to the current for the longer 
periods, definite injuries were often 
observed at the places where the cur- 
rent entered and left the body. Edema 
of the fascia over the surface of the 
skull was observed in two, and in two 
edema of the tail was present. The 
periosteum over the surface at the 
skull was necrotic in one case; in 
another the injury was greater and the 
surface of the cerebral cortex was 
seared. 

In summary, twenty-six rats were 
shocked from a eireuit at 500-volt 
potential with a current from 240 to 
490 milliamperes for from one to four 
seconds. ‘Three of the animals died 
at once, ten recovered, and thirteen 
were paralyzed. No rat was normal 
following the four-second application, 
Artificial respiration was used in al- 
most every case. Increased tonus of 
the musculature persisted after the 


shock. Bleeding from the mucous 


membranes occurred. _ Pathologie 
changes were demonstrated in the 
areas where the electrodes were ap- 
plied. 

1,000-V olt Potential.—Twenty-eight 
rats were exposed to an alternating 
circuit at 1,000-volt potential; only 
one received the current for four 
seconds and the remainder’ were 
shocked for from one to three seconds. 
The current readings were from 700 to 
1,200 milliamperes. The shock with 
this current produced great injury 
not only at the points where the 
electrodes were placed but also in 
the central nervous system. Of the 
twenty-eight rats, nine, or 32 per 
cent., died at once; eleven, or 39 
per cent., were paralyzed; and eight, 
or 29 per cent., were normal. ‘Two 


of the seven rats exposed to the cur- 
rent for one second recovered com- 
pletely, four were paralyzed, and one 


died. Of ten that were shocked for 
three seconds, three recovered, two 
were paralyzed, and five died as an 
immediate result of the injury. The 
single rat subjected to the current for 
four seconds never breathed although 
the heart beat and artificial respiration 
was continued for a considerable time. 

Artificial respiration had to be used 
in all but three of the experiments, 
and considerable time elapsed, often 
ten minutes, before breathing was well 
established. Several of those that 
died following the shock began to 
breathe with artificial aid but were not 
able to maintain respiration. The 
persistence of tonic contraction of the 
musculature following the shock was 
always observed in this group. Rhyth- 
mic contractions of the muscles of 
mastication and of the muscles of the 
extremities were often noted. ‘There 
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was bleeding from ruptured capillaries 
‘1 the mucous membranes of the nose 
and from the conjunctivae. In all 
‘he males emission occurred during the 
shock; this is attributed to the power- 
ful contraction of the musculature. 

The heart beat regularly and power- 
fully in every case and death appeared 
to be due to respiratory paralysis. 
When breathing was established, it was 
labored for several hours; often it was 
irregular. 

The rats that were paralyzed were 
very inactive during the remainder of 
their lives. They refused to eat and 
could be kept alive for only three or 
four days. After twenty-four hours 
they became incontinent and blood 
appeared in the urine. Nocuous 
stimuli applied to the posterior por- 
tion of the body elicited little if any 
response. ‘They remained quiet in one 
position until they were moved. When 
disturbed, the anterior portion of the 
body seemed alert and active. At 
autopsy the characteristic hemorrhage 
was found in the spinal cord and the 
bladder was distended with 
clot. 

Of the nine animals that died as an 
immediate result of the shock, the 
central nervous system appeared 
grossly normal in two. One showed a 
hemorrhage in the brain ventricles; 
two, a hemorrhage in the spinal cord. 
The surface of the cortex was badly 
burned in four; in one of these, small 
holes could be seen just beneath the 
surface of the cortex. 

No specimen of the central nervous 
system was obtained from two of the 
rats that recovered from the shock. 
In two others there was a small hemor- 
rhage in the spinal cord which did not 
produce sufficient damage to cause 


blood 
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paralysis. The surface of the cerebral 
cortex was severely damaged in one; 
in another there was an abscess in the 
forebrain. It is important to observe 
that in those preparations with a 
hemorrhage in the spinal cord, the 
entire cord was soft when the rat was 
killed several days thereafter, and the 
brain stem also was very gelatinous. 
In the animals that showed no gross 


hemorrhage, the central nervous 
system was of much firmer con- 
sistency. 


The injury produced at the site of 
the electrodes was extreme in the 
rats of this series. In those that died 
at once, a searing of the cortex was 
found. An ulcer of the epidermis on 
the surface of the skull was observed 
in two; in the remainder an edema of 
the subcutaneous tissue was marked. 
Necrosis of the periosteum indicated 
burning at the site of the injury, and 
in some cases the surface of the cortex 
was a sloughing mass. Comparable 
changes were produced near the tail 
electrode, with burning at the site of 
contact, thrombosis of the arteries, 
edema of the distal portion of the tail, 
or complete loss of the tail. 

In addition to the hemorrhages in 
the central nervous system and 
bladder, extravasation of blood into 
the back muscles occurred in some of 
these rats. In one of the animals the 
hemorrhage in the cord was of unusual 
pattern, involving the gray matter of 
the cervical cord. It has already been 
explained that in certain of the prep- 
arations a hemorrhage into the sub- 
stance of the spinal cord did not pro- 
duce sufficient damage to cause a 
paralysis. Some of the paralyzed rats 
of this group were killed on the day of 
the shock. These animals were not 
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incontinent and no blood was found 
in the bladder. It is clear that the in- 
continence and hemorrhage are an 
indirect result of the shock and are 
sequelae of the spinal cord injury. 

In summary, twenty-eight rats were 
subjected to a circuit at 1,000-volt 
potential and received a current of 
from 700 to 1,200 milliamperes for 
from one to four seconds. Nine died 
at once, eleven were paralyzed, and 
eight recovered. In addition to the 
lesions in the central nervous system 
that have been previously described, 
severe damage occurred at the local 
site of the electrodes. 

500-Volt Potential with Voltage Not 
Maintained.—Two other groups of 
rats are to be considered which were 
injured with shocks at 500-volt and 
1,000-volt potential but with the volt- 
age not maintained. In these cases 
the initial shock was of the indicated 
potential which then fell to approxi- 
mately 20 per cent. of its initial value 
in less than one-hundredth of a second. 
The current in like manner dropped at 
once to a level that will be indicated. 
These experiments belong to the early 
period of the work and were, in a sense, 
an accident. They are included here 
because it is felt that very definite 
information may be obtained from 
them. ‘They indicate the importance 
of the initial shock in producing severe 
injuries, and help to explain the vascu- 
lar accidents that were so frequent in 
the spinal cord. 

Sixteen rats were shocked from a 
circuit of nonmaintained voltage at 
500 volts for a period from quick 
closure and opening of the switch to 
fourteen seconds. The current read- 
ings were from 20 to 30 milliamperes; 
less than those obtained with an alter- 


nating circuit at 110 volts. Elevey 
of these animals, or 69 per cent, 
recovered completely; five, or 31 per 
cent., were paralyzed; and none died 
as an immediate result of the shock. 
Artificial respiration was resorted to 
in almost every case, and respirations 
were difficult and labored in almost 
all these preparations for a period of 
hours. The hind legs of one rat were 
weak immediately after the injury 
but later were used normally. A 
hemorrhage was found at autopsy in 
the cerebral ventricles. The par- 
alyzed rats all showed the typical 
lesions in the cord that have been 
described. Paralysis was as common 
after short exposures to the circuit as 
it was after exposures for several 
seconds. 

1,000-V olt Potential with Voltage Not 
Maintained.—A large group of fifty- 
two rats were subjected, at the time 
this experimental work was begun, to 
an alternating 1,000-volt circuit with a 
voltage drop following immediately 
upon the initial shock. The time of 
shock varied in this group from the time 
required to close and open the switch to 
six seconds. The current readings were 
from 100 to 130 milliamperes. These 
values were similar to those obtained 
from a circuit of 220-volt potential 
and indicate the great drop in poten- 
tial. Twelve rats, or 23 per cent., 
recovered completely; sixteen, or 31 
per cent., were paralyzed; and twenty- 
four, or 46 per cent., died as an imme- 
diate result of the injury. It is im- 
portant to notice that although the 
potential and current fell in less than 
one one-hundredth of a second, a large 
number of preparations were seriously 
injured. The number of abnormalities 
was almost as great in those shocked 
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‘or shorter periods but no rats survived 
-he exposure for six seconds. 

In connection with these experi- 
nents, the question arose as to whether 
the position of the electrodes was 
responsible for the large number of 
hemorrhages in the lower portion of 
‘he spinal cord with resultant paraly- 
,is of the posterior portion of the body. 
it seemed possible that the density of 
oyrrent would be great in this region 
close to the electrode attached to the 
‘ail. Accordingly, the position of the 
electrodes was changed in a number of 
experiments. 

In six rats the electrodes were ap- 
plied to the top of the head and to 
one foreleg. Three of these rats re- 
covered completely, one died, and two 
showed the typical paralysis produced 
by hemorrhage in the lumbar cord. 
in another group of six rats the 
electrodes were attached to one foreleg 
and the opposite hind leg. One of 
these rats died, four recovered com- 
pletely, and one was paralyzed. It is 
important to increase the number of 
these experiments, but from these few 
it seems rather clear that the position 
of the electrodes is not responsible for 
the hemorrhages in the spinal cord. 

The animals that were paralyzed 
all showed the gross picture of hemor- 
rhage in the spinal cord. 
rhages in the cord and in the cerebral 
ventricles were found in a large num- 
ber of the animals that died soon 
after the shock. 


Continuous Circurt 
110-Volt Potential.—Thirty-three 
tats belong in this group. ‘The cur- 
rent of from 28 to 47 milliamperes 
was allowed to flow for from five to 
sixty seconds. About half the rats 
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breathed spontaneously after the 
shock; artificial respiration was used 
in the case of the remainder. Twenty- 
eight of the rats, or 85 per cent., 
recovered completely; four, or 12 per 
cent., died; and one was paralyzed. 
As the experiments with continuous 
current are reviewed, it will be clear 
that few of the rats showed the 
paralysis so typical of the former 
group exposed to alternating current. 
In the few that were paralyzed, it was 
impossible to demonstrate grossly any 
abnormality in the spinal cord. In 
several of the rats, the hind legs were 
weak for hours after the shock but 
thereafter were used as well as ever. 

The heart beat well after the shock 
in all the rats that died, and death 
was due in each ease to respiratory 
failure. Almost no gross lesions were 
found in the central nervous system of 
the rats after death. When the current 
was allowed to flow for several seconds, 
it steadily increased, for example, from 
40 to 53 milliamperes, provided there 
was no burning at the site of the 
electrodes. This increase in current of 
course implies decreased resistance on 
the part of the rat. 

The most interesting and distinctive 
information concerning these experi- 
ments was obtained from observation 
of the animals during the passage of 
the current. Continuous, strong, te- 
tanic contraction of the musculature 
which was always observed in injuries 
with the alternating current was not 
found here. Instead, clonic contrac- 
tions of the entire body musculature 
began as soon as the circuit was 
closed. These clonic movements be- 
came more prominent if the shock was 
continued, and it almost seemed that 
the animal received some air in the 
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thorax. If the contact continued for 
over twenty seconds, spontaneous deep 
respirations occurred at frequent in- 
tervals and the general uncoordinated 
clonic movements were less marked. 
After forty minutes’ application, the 
respirations and clonic movements 
became weak and practically ceased. 
The heart still beat but it was difficult 
to induce breathing in rats that had 
been subjected to the current for over 
forty seconds. If the rat was breath- 
ing spontaneously during the applica- 
tion of the current, the respirations 
always stopped when the circuit was 
broken, and artificial respiration had 
to be used. Breathing often 
markedly abnormal for a period of 
hours following the shock. 

These experiments with a circuit 
at low potential permit a considerable 
variation in the period of application 
without great damage to the animal 
and give an opportunity for further 
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analysis of the time element. 
application of the current for less than 
twenty seconds all the rats breathed 
spontaneously when the switch was 
opened, and no artificial respiration 


was required. The four died after 
exposure for twenty, forty-five, fifty, 
and sixty seconds, respectively. 

In summary, clonic rather than 
tetanic contractions of the musculature 
occurred during shocks with a con- 
tinuous circuit at 110-volt potential. 
Few of the rats were seriously in- 
jured. If the shock continued for 
over twenty seconds, spontaneous res- 
pirations occurred but these stopped 
when the circuit was opened, and 
artificial respiration had to be used. 
After longer exposures to the current 
(forty seconds), spontaneous respira- 
tions and clonic movements of the 


musculature gradually ceased. Po, 
gross lesions were found in the centr.) 
nervous system. 

220-Volt Potential.—Nineteen rat, 
were subjected to a continuous cirey;; 
at 220-volt potential; the current wa, 
100 to 250 milliamperes. The currey; 
was allowed to flow for from five ¢, 
thirty seconds. When the contact was 
maintained and no burning occurred 4; 
the site of the electrodes, the curren; 
gradually rose, for example, from 155 
to 194 milliamperes. Ten, or 53 per 
cent., of the rats recovered; eight, op 
42 per cent., died; and one was 
paralyzed. The time of application 
in this series was rather long; only one 
out of three survived the application 
for thirty seconds. Six rats received 
a shock for five to ten seconds; none 
of them died, but one was paralyzed. 
Several of the animals that received 
the current for over twenty second: 
breathed spontaneously during the 
last part of this period, but respirations 
always ceased when the shock ended. 
Artificial respiration was used on most 
of the rats shocked for over five 
seconds. Few gross changes were 
found at autopsy. No hemorrhage 
could be demonstrated in the spinal 
cord of the paralyzed rat. 

Clonic contractions of the muscula- 
ture during the shock occurred in al! 
these animals. When the application 
was over, the clonic movements some- 
times persisted for a few seconds but 
no generalized contraction was present. 
lor this reason artificial respiration 
was, in general, more satisfactory with 
this group than with those shocked 
from an alternating circuit of similar 
potential. A few of the rats breathed 
spontaneously following the shock and 
then stopped, nor could further res- 
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oration be induced. The heart beat 
ne in all the animals that refused to 
breathe following the injury. Many 
of those that recovered breathed poorly 
for minutes or for hours. 

500-Volt  Potential.—Thirty-seven 
rats were shocked with a continuous 
circuit at 500-volt potential, the ap- 
plication lasting for from one to four 
seconds. ‘The current readings were 
930) to 640 milliamperes. Of this total 
croup of rats eighteen, or 49 per cent., 
recovered completely; seventeen, or 
46 per cent., died at once; and two, or 
5 per cent., were paralyzed. Clonic 
contractions of the skeletal muscula- 
ture occurred during the application 
of the current and often persisted for 
several minutes thereafter. Even in 
those animals which refused to breathe 
following the shock, the heart beat 
strongly and well. Respirations were 
markedly disturbed for 
minutes. 

Only two of this series of rats were 
paralyzed; in several others the hind 
legs remained weak for twenty-four 
hours but were used normally there- 
after. No signs of gross hemorrhage 
in the cord were found even in the 
rats that were permanently paralyzed. 
In a number of these rats, bloody fluid 
came from the nose and sometimes 


several 


from the mouth immediately following 


the shock. Small vessels in the con- 
junctivae often ruptured and blood 
emerged from the eye slit. 

The continuous current produced 
less stimulation of the autonomic sys- 
tem than did the alternating current, 
if this ean be judged by the effect upon 
the pilomotor system. The fur was 
definitely roughened and stood out 
from the body immediately after shock 
with the alternating current; with the 
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continuous current the coat of fur lay 
smooth. 

This group of experiments with the 
continuous circuit at 500 volts was 
the only series in which a tendency to 
convulsions was noticed. Four rats 
exhibited typical clonic convulsive 
seizures some five or ten minutes after 
the shock. These convulsive attacks 
oecurred spontaneously or upon touch- 
ing the rats, which appeared to be 
definitely hyperirritable. They never 
continued longer than an hour and the 
animals were perfectly normal there- 
after. No gross lesions were demon- 
strable in the central nervous system. 
Observation of these seizures gave the 
impression that the vestibular mecha- 
nism was irritated. 

This group of experiments gave a 
further opportunity for a consideration 
of the size of the animals as a factor in 
the injury produced by electricity. 
The first experiments were performed 
upon twenty-five rats which were 
small, young adults born some three 
months before. When the total ex- 
periments were completed, it was felt 
that this series perhaps could not be 
compared with the rest and the results 
were checked with a group of twelve 
large rats of unknown age. ‘This 
check indicated that with the current 
flowing for the same _ time, less injury 
occurred in the larger rats. ‘The 
amount of injury produced in small 
rats with a three-second exposure to 
the current could be achieved with the 
large rats after a four-second exposure. 
Of eleven small rats shocked for two 
seconds, seven died and four were 
normal. Four large rats recovered 
completely under the same conditions. 
Of seven small rats shocked for three 
seconds, six died and one was _ par- 
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alyzed. Four large rats under the 
same conditions showed two deaths 
and two recoveries. With a four- 
second exposure, two large rats died, 
one recovered, and one was paralyzed. 

There was some indication in these 
animals of local damage at the site of 
the electrodes. Edema of the subcu- 
taneous tissues over the skull was 
often observed at autopsy. 

In summary, rather characteristic 
abnormalities were observed after ex- 
posure to a continuous circuit at 
500-volt potential. Four of the rats 
showed a tendency to convulsions dur- 
ing the immediate period of recovery 
from the shock. No disturbance of 
pilomotor innervation was seen com- 
parable to that following injuries with 
alternating current. Large rats are 
more resistant to the current than are 
smaller ones. Small hemorrhages from 
mucous membranes occurred during 
the shock. Few rats were perma- 
nently paralyzed and no spinal cord 
hemorrhages were found at autopsy. 

1,000-Volt Potential_—Thirty-three 
rats were subjected to a continuous 
current at 1,000-volt potential for 
periods varying from simple closure of 
the switch to four seconds. No animals 
survived a contact of one second or 
over. For the purpose of study, a 
contact of one-half second was approxi- 
mated as closely as possible. The cur- 
rent readings were from 600 to 1,100 
milliamperes. Severe abnormalities 
were produced by these contacts but 
practically no changes were 
found in the central nervous system 
after death. Twenty of the thirty- 
three rats, or 61 per cent., died at 
once; nine, or 27 per cent., recovered; 
and four, or 12 per cent., were par- 
alyzed. These findings need further 


TOSS 


explanation. Thus, eight received th, 
current for the time required to elo 
and open the switch. Of these eig}, 
animals five recovered, two died, anq 
one was paralyzed. Thirteen wer 
shocked for approximately one-haj 
second; four were normal, three wey 
paralyzed, and six died at once. Ny 
rats survived an application of the 
current for one second or over. Sinep 
the first twenty-six experiments ep. 
ployed small adult rats about three 
months old, the findings were checked 
with a group of large adult animals, 
These proved to be no more resistant to 
the shock than were the 
animals. 

Clonic contractions of the musculs- 
ture were observed in these rats during 
the shock that persisted after the 
circuit was broken. There was no 
tetanic contraction of the musculature 
following the shock and in most cases 
the chest was collapsed. In many of 
the experiments there was no response 
to artificial respiration and no air 
entered the collapsed chest although 
the heart beat well for one or two 
minutes. In the group shocked for 
one second or over, no response to arti- 
ficial respiration was ever obtained. 

Bleeding from the mucous mem- 
branes of the nose and from the con- 
junctivae occurred in several of the 
group. One rat was extremely hyper- 
irritable to all stimuli immediately 
following the shock. 

Four of the rats were paralyzed. 
Two of them became incontinent on 
the second day although no blood was 
ever present in the urine. The legs 
beeame stronger in one of these prep- 
arations and by the fourth day were 
used fairly well. Nocuous_ stimuli 
applied to the posterior portion of the 
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ody elicited a response in all these 
vats. No gross injury in the spinal 
ord was found at autopsy. 

The most distinctive abnormality 
found only in this group was priapism 
whieh oecurred in practically all the 
males which survived and in four 
eases continued until the rats were 
-jlled, six days after the shock. 

(‘onsiderable local damage occurred 
around the electrodes. This consisted 
in edema of the subcutaneous tissue 
over the skull and a dry necrosis of 
the tail in three of the rats. 

In summary, no rats survived con- 
tact with a continuous circuit at 1,000 
volts for one second or over. ‘The rats 
that received the current for fractions 
of a second were seriously damaged. 
The characteristic abnormality — of 
this particular group was _ persistent 
priapism in the male. Considerable 
local damage occurred at the site of 
the electrodes. Little gross injury 
could be observed in the central 
nervous system. 


C 


Comparison of Abnormalities Produced 
by Alternating and Continuous 
Circuits 

110-Volt Potential—In many ways 
the series of rats subjected to alter- 
nating and continuous circuits at the 
same potentials do not yield to exact 
comparison. The number of animals 
varies in the different groups and the 
time element shows discrepancies, 
since in each group the time was in- 
creased until very definite abnormali- 
ties were produced. In order to 
equalize varying numbers of experi- 
ments, the results will be expressed in 
percentages. The greatest abnormali- 
ties would be expected, all other things 
being equal, in the group that was 


subjected to the current for the longer 
periods of time. Sixty-four per cent. 
of the rats shocked with the alternat- 
ing circuit at 110 volts recovered com- 
pletely, 27 per cent. died, and 9 per 
cent. were paralyzed. With the con- 
tinuous current, 85 per cent. recovered 
completely, 12 per cent. died, and 
3 per cent. were paralyzed. The con- 
tinuous current group received longer 
shocks than did the alternating. If 
the rats that were paralyzed and those 
that died at once are grouped to- 
gether, 36 per cent. of the alternating 
current series showed abnormalities, 
in contrast with 15 per cent. in the 
continuous current series. It must 
be concluded from this consideration 
that an alternating circuit at 110-volt 
potential is somewhat more dangerous 
for rats than a continuous circuit. 
Paralysis due to injury of the spinal 
cord was more common with the alter- 
nating current. ‘The current readings 
with the continuous circuit were some- 
what higher than with the alternating. 

The striated musculature of the 
body exhibited a tetanic contraction 
during the application of the alternat- 
ing current. Some of the rats bled 
from the nose as a result of rupture of 
capillaries in the mucous membranes. 
Artificial respiration had to be used in 
most of the experiments. In the rat 
that was paralyzed, hemorrhage was 
found in the spinal cord. 

With the continuous current, clonic 
contractions of the striated muscula- 
ture continued throughout the shock. 
If the continued 
twenty seconds, spontaneous respira- 
tions occurred which stopped when the 
circuit was opened. Artificial respira- 


shock was over 


tion was required only during the 
longer periods of current application. 
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Few gross injuries were found in the 
central nervous system. 

£20-Volt Potential—In this group, 
again, the duration of the shock was 
relatively longer in the continuous than 
in the alternating current series. The 
current readings compare very well. 
Twenty-eight per cent. of the alter- 
nating current group recovered com- 
pletely, 38 per cent. died at once, and 
34 per cent. were paralyzed. Of the 
continuous current group, 53 per cent. 
recovered completely, 42 per cent. 
died, and 5 per cent. were paralyzed. 
The percentages that died at once 
agree closely, 38 with alternating and 
42 with continuous current. Paralysis 
was much more common in the alter- 
nating current group, 34 per cent. as 
compared with 5 in the continuous 
current group. If the rats that died 
at once and those that were paralyzed 
are grouped together, the total per- 
centage of abnormalities following the 
alternating shock was 72, as compared 
with 47 following the continuous. 
Again it must be concluded that an 
alternating circuit at 220 volts is 
slightly more dangerous to rats than a 
continuous circuit. 

In the series of rats shocked with 
the alternating circuit, a strong, con- 
tinuous spasm of the striated muscula- 
ture was observed during the period of 
current application. Artificial respi- 
ration was used for almost all the ani- 
mals. When breathing began, it was 
seriously disturbed for some time. 
Bleeding occurred from the conjunc- 
tivae and the nose. Many of the ani- 
mals at autopsy were found to have 
hemorrhages in the spinal cord or the 
cerebral ventricles. 

In the continuous current group, 


clonic contractions of the musculatyr. 
occurred during the exposure. Arti. 
ficial respiration was often required 
and afterward breathing was fag 
shallow, labored, or irregular for ie, 
eral minutes or for hours. There were 
no hemorrhages, and very little gross 
change was found in the centra| 
nervous system at autopsy. 

500-Volt Potential.—A_ considerable 
number of rats were subjected to alter. 
nating and continuous potentials of 
500 volts for from one to four seconds. 
The current readings in this whole 
series were quite comparable and aver- 
aged some 400 milliamperes. As 4 
result of shock with the alternating 
current, 38 per cent. of the rats re- 
covered completely, 12 per cent. died 
at once, and 50 per cent. were para- 
lyzed. With the continuous current, 
49 per cent. recovered completely, 46 
per cent. died at once, and 5 per cent. 
were paralyzed. It may be said, 
therefore, that more rats died immedi- 
ately as a result of contact with the 
continuous circuit than with the alter- 
nating circuit—46 per cent. as opposed 
to 12. On the other hand, more re- 
covered completely after the continu- 
ous shock—49 per cent. as compared 
with 38. ‘Phe discrepancy again lies, 
of course, in the number of rats that 
were paralyzed; this number was de- 
cidedly greater in the alternating cur- 
rent group—50 per cent. as contrasted 
with 5. If the total abnormalities 
resulting from the shock are grouped 
together, it is found that they include 
62 per cent. of the rats in the alter- 
nating series as compared with 51 in 
the continuous. In summary, fewer 
rats survived the initial respiratory 
injury in the continuous current group, 
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whereas a great many were left with a 
residual paralysis in the alternating 
current group. 

There was bleeding from rupture of 
small blood vessels in the nose and con- 
junetivae in the alternating current 
group. Artificial respiration was re- 
quired for almost all the rats of this 
series. The strong tonic contraction 
nresent during the shock persisted for 
, few seconds thereafter. Some local 
injury occurred in the region where the 
electrodes were applied. 

The continuous current group also 
showed some bleeding from the nose. 
Artificial respiration was used in almost 
all the experiments and often the 
chest was collapsed after the shock and 
no adequate response was obtained. 
The clonic contractions of the muscula- 
ture persisted after the shock. ‘This 
was the only group of rats that showed 
convulsive phenomena during the pe- 
riod of recovery. 

1,000-Volt Potential—Rats were 
subjected to alternating and continu- 
ous circuits at 1,000 volts; the current 
readings were quite similar in the two 
groups and averaged some 900 milli- 
amperes. The time factor on the other 
hand showed variation in the two 
groups owing to the fact that no rats 


subjected to the continuous current 


survived a contact of one second or 
over. On the other hand, in the 
alternating current group a few rats 
survived a three-second application. 
There is, therefore, a great difference 
in the susceptibility of the rats to the 
continuous and the alternating circuits 
at 1,000-volt potential on the basis 
of time. 

A general summary shows that with 
the alternating current 29 per cent. 
recovered completely, 32 per cent. 
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died at once, and 39 per cent. were 
paralyzed. With the continuous cur- 
rent 27 per cent. recovered, 61 per cent. 
died at once, and 12 per cent. were 
paralyzed. ‘The total abnormalities in 
the alternating current series included 
71 per cent. of the rats; in the con- 
tinuous current series they included 
73 per cent. If the time element is 
taken into consideration, the inevit- 
able conclusion is that for rats the 
continuous circuit at 1,000 volts is 
considerably more dangerous than the 
alternating. 

With the alternating current severe 
injuries occurred at the site of the 
electrodes. Hemorrhages in the spinal 
cord had occurred in the rats that were 
found to be paralyzed. Rupture of 
small vessels produced hemorrhages in 
the mucous membrane of the nose and 
in the conjunctivae. 

In the continuous current series 
severe injuries again occurred at the 
site of the electrodes but there was 
much less evidence of hemorrhages in 
the central nervous system and also 
in the mucous membranes. 


Discussion of Results of Hxperiments 


The foregoing pages give an impres- 
sion of the type of data collected in 
these experiments and of the way 
in which these data were obtained. 
There follows a topical presentation of 
the information under the headings 
concerning which it seems possible to 
present a discussion. 

The Animal.—The rat is a con- 
venient animal for such experimental 
procedures. It has the advantage, for 
this particular study, that the heart 
recovers spontaneously from fibrilla- 
tion. Insuch a small animal the cur- 
rent must flow in considerable con- 
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centration throughout the whole body. 
It must constantly be remembered 
that the results obtained from a study 
of one experimental animal cannot be 
directly applied to a consideration of 
other animals or of man. It is ex- 
pected that the pathologic changes in 
the brain, the study of which formed 
the main object of this experiment, 
will be found to be similar in all 
animals. 

Difficulties of Standardizing Lethal 
Application.—In this type of biologic 
experiment it is impossible to standard- 
ize the lethal application of electricity, 
for the number of variable factors is 
too great. In each of the series with 
either alternating or continuous cir- 
cuits at one constant voltage the time 
element was introduced as a variable. 
The rats differed in size, age, and de- 
gree of health and vigor. The amount 
of anesthesia at the time of shock was 
notaconstant. Anattempt was made 
to express the amount of current and 
the time in milliampere-seconds, with 
the idea that it might be possible to 
correlate this factor with the abnor- 
malities produced in the rats. This 
adds nothing to the clarity of the 
problem. It is, moreover, well known 
that an alternating voltage is con- 
stantly varying in magnitude and its 
value at the instant of closing the 
switch may also have some effect upon 
the results. 

Position of Electrodes ——The elec- 
trodes, in this series of experiments, 
made contact at the base of the tail 
and upon the surface of the skull. 
Urquhart, in previous experiments 
with rabbits, tested the effect of elec- 
tricity upon the nervous system by 
making the contact so that the current 
flowed only through the head and 


particularly through the brain. ‘T};. 
arrangement never occurs in electric 
accidents. Urquhart often burne 
the nervous system directly. In the 
present experiments burning of tho 
central nervous system was very rare 
and occurred only with the alternating 
circuit at 1,000-volt potential. | 

The position of the electrodes jg 
certainly one factor in experiments of 
this kind that offers infinite possibili- 
ties of variation. In the course of the 
present study, the question arose as 
to whether the position of the electrode 
upon the tail had any part in the pro- 
duction of paralysis in the spinal cord, 
In order to test this, the electrodes 
were shifted in one group of rats to 
skull and one foreleg or to alternate 
fore and hind legs. The impression 
was gained that the position of the 
electrodes upon the surface of the body 
was not important in the production of 
the spinal cord hemorrhages. 

Effect of Anesthetic upon Injuries 
Produced.—There are statements in 
the literature that anesthesia with 
chloroform diminishes the injury pro- 
duced by electricity. Also men are 
supposed to withstand an electric 
shock better when asleep and when the 
shock is expected. In the present 
experiments the mortality was defi- 
nitely greater with deep anesthesia 
than in rats that had recovered some- 
what from the effects of the ether. It 
was the practice to administer the 
shock when the rats had almost com- 
pletely recovered from the ether. 

Comparison of Results of Injuries 
upon the Sexes.—The sex of the rats 
was noted in these experiments to 
learn whether injuries were more com- 
mon in one sex than in the other. No 
sex differences were found, with the 
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exception of the fact that pregnant 
rats seldom recovered from the injury. 

Age and Size of Animals.—There is 
4 suggestion in the literature that the 
extremes of life are less injured by 
contact with electricity than are the 
means. A number of experiments 
were performed upon young adult rats 
born three months before. The re- 
mainder of the animals were much 
larger but of uncertain age. It was 
found that the smaller and undoubt- 
edly the younger animals were not 
so resistant to the current as were the 
larger and olderrats. ‘This was clearer 
when the time element was taken into 
consideration. The larger and older 
rats could withstand a shock from a 
circuit at given potential longer than 
could the smaller and younger ones. 

The Current.—No presentation of 
the experiments has been given on the 
basis of the amount of current; this 
is indeed impossible, for the experi- 
ments were planned in series with 
different potentials. The currents 
form a graded series that could 
scarcely be arranged in convincing 
groups. It is realized that severe 
criticism may be presented against 
this arrangement; nevertheless, it has 
its advantages which will be men- 
tioned now. 

Urquhart planned his experiments 
to keep the amount of current passing 
through the body constant. He sug- 
gests that the potential of the current 
is of little importance. However, with 
the electrodes attached to the head he 
has no adequate data concerning the 
actual amount of current passing 
through the organ to be studied when 
the electrodes are applied to the pe- 
riphery of the body. 

The amount of current passing 


Vol. 12 
No. 2 


through an animal with a constant 
potential and with a given position 
of the electrodes is a function of the 
contact resistance and the size of the 
animal. In accidents with electricity 
the potential is the known factor and 
no information can be obtained con- 
cerning the resistance or the current 
that flows through the body. More- 
over, the power and light distribution 
is done at a constant potential so that 
the voltage is a standardized factor. 
The ideal arrangement, however, would 
be to know the actual amount of 
current flowing through the central 
nervous system. 

Resistance.—The resistance is an- 
other factor in these experiments that 
has not been discussed. ‘Two factors 
must be considered: the resistance of 
the animal and the resistance at the 
site of contact of the electrodes. Both 
these factors are subject to consider- 
able variation. The total resistance 
showed a steady decrease as the poten- 
tial of the circuit was increased. 
Thus, the average resistance for the 
series of rats with a continuous circuit 
was 2,685 ohms at 110 volts, 1,635 
ohms at 220 volts, 1,385 ohms at 500 
volts, and 1,365 ohms at 1,000 volts. 
Similarly, with the alternating circuit 
it was 3,090 ohms at 110 volts, 1,890 
ohms at 220 volts, 1,425 ohms at 500 
volts, and 1,140 ohms at 1,000 volts. 
This drop in resistance with the higher 
potentials is believed to be due almost 
exclusively to the decrease in impor- 
tance of the contact resistance. 

When the current was allowed to 
flow for several seconds, the resistance 
also decreased provided the electrodes 
were able to carry the load and no 
burning occurred at the site of the 
electrode. With this decrease in re- 
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sistance the current increased. When 
local burning occurred, the resistance 
did not decrease. 

The exact weight of many of the 
rats was determined and the resistance 
was calculated for groups in which the 
potential was constant, and was com- 
pared with the weight. A definite 
decrease in resistance was noted as the 
size of the animals increased. 

Voltage.—A considerable discussion 
has already been given of the abnor- 
malities produced in rats with alter- 
nating and continuous circuits of 
known potential. The experiments 
have indeed been grouped on this 
basis. Many data have been pre- 
sented and it is clear that the injuries 
increase as the potential is raised. 

Attention may be ealled again to 
the experiments with an alternating 
circuit at 500 and 1,000 volt potentials 
in which the voltage was not main- 
tained but fell to approximately 100 
and 220 volts after the initial shock. 
In these rats the damage was much 
greater than in those injured with 
circuits at 110 and 220 volts. More 
animals were paralyzed and more died 
as the immediate result of the injury. 
It is clear that the initial shock when 
the circuit is closed is of great impor- 
tance in determining the injury to the 
animal. 

Comparison of Abnormalities Pro- 
duced by Alternating and Continuous 
Currents.—Considerable space has al- 
ready been devoted to a comparison of 
the abnormalities produced by alter- 
nating and continuous currents. It is 
sufficient to point out here that with 
circuits at 110 and 220 volts more 
injuries are produced in the rats with 
the alternating current than with the 
continuous current. This was also 


true at 500-volt potential but with 
circuit at 1,000-volt potential it was 
clear that the continuous current pro- 
duced greater injury than the alter. 
nating. This was particularly wel] 
shown when the time element was 
taken into consideration. ‘The paraly- 
ses due to hemorrhages in the spinal 
cord were certainly found more fre- 
quently in the alternating current 
series. Although a few rats showed 
paralysis of the hind legs with the 
continuous current, little evidence of 
eross hemorrhages was found in the 
cord. Different types of abnormali- 
ties were found after contact with the 
two types of currents, and these are 
adequately discussed in other portions 
of this paper. 

Certainly the experiments with rats 
do not confirm the hypothesis that al- 
ternating currents are four times more 
dangerous than continuous. They 
suggest that any comparison must be 
on the basis of a constant potential. 
Thus at 110 and 220 volts greater 
abnormalities were produced with the 
alternating current, at 500 volts the 
effects were more equalized, and at 
1,000 volts the continuous circuit was 
more damaging than the alternating. 

Duration of Contact.—One fact 
clearly demonstrated in these experi- 
ments that perhaps has not been sufh- 
ciently stressed in previous investiga- 
tions is the importance of the duration 
of the contact in the injury produced 
in the rats. For example, no rats 
survived a contact with a continuous 
circuit at 1,000 volts for one second or 
over, although several survived expo- 
sure for fractions of a second. 

The importance of the time element 
was more clearly shown after shocks 
with the lower voltages, since more 
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time variation was possible without a 
yniform lethal result. Thirty-three 
rats were Subjected to a continuous 
circuit at 110 volts for periods varying 
from five to sixty seconds. One death 
occurred with a twenty-second expo- 
sure; three deaths occurred with expo- 
sure from forty-five to sixty seconds. 

Another proof of the importance of 
the exposure time may be obtained 
from the series with a continuous 
circuit at 220 volts. Of six rats ex- 
posed to the current for from five to 
ien seconds, five recovered completely 
and one was paralyzed. Of nine rats 
exposed to the current for from fifteen 
to twenty seconds, six died and three 
recovered. 

Further examination of the experi- 
ments gives the impression that the 
paralysis seen so often in the rats, 
particularly in those exposed to the 
alternating circuits, was dependent less 
on the time element than on the initial 
shock to the rat. ‘The group of experi- 
ments in which the potential of the 
current dropped markedly after the 
initial contact tends to bear out this 
hypothesis. 

Artificial Respiration.—The methods 
of artificial respiration that were pos- 
sible in such a small animal were not 
the most ideal. It is hoped that these 
results may be checked up on a larger 
laboratory animal in which the lungs 
may be insufflated with air through a 
tracheal tube. A small respiration 
bottle was built with a rubber dia- 
phragm fitting snugly around the rat’s 
neck so that the head was outside the 
bottle and the body within. It was 
possible alternately to raise and lower 
the pressure in the jar by means of a 
pump. This method, again, was not 
very satisfactory for such a small 
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animal. Finally digital compression 
of the thoracic cavity seemed the most 
efficient method of inducing breathing. 
The tongue was held out of the mouth. 
Some attempts were made to stimulate 
the vagus nerves in the neck by strok- 
ing the neck with the fingers. Mucus 
was removed from the throat when it 
threatened to obstruct the air passages. 

Adequate artificial respiration is 
of enormous importance. Urquhart 
believed that with artificial respiration 
all the animals in which the current 
passed only through the head could be 
saved, provided no actual burning of 
the nervous system occurred. On this 
basis he proposed his theory of tempo- 
rary block in the respiratory center 
without permanent damage. 

In the present experiments the brain 
was actually burned in only a very few 
of the rats, and those after contact with 
circuits at 1,000 volts. The heart in 
practically every case beat strongly 
after the shock. If Urquhart’s con- 
clusions are correct, all the rats should 
have recovered completely provided 
artificial respiration was adequate. 

Certainly a large number of the rats 
were severely incapacitated with 
hemorrhages in the central nervous 
system, particularly with the alter- 
nating circuits. A large number of 
the hemorrhages occurred in the cord; 
at least five rats died within four hours 
after the shock as the result of large 
hemorrhages in the fourth ventricle 
pressing on the medulla. 

On the other hand, a large number 
of rats never breathed after the shock, 
but died at once. At autopsy devel- 
oping hemorrhages in the central nerv- 
ous system were found in many. It 
is the opinion of the present authors 
that few if any of these rats could have 
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been saved by any method of artificial 
respiration. The only way to prove 
this conclusively is to control these 
experiments with larger animals in 
which artificial respiration can be car- 
ried on through a tracheal tube. See- 
tions of the central nervous system of 
all the rats are being prepared and it 
is hoped that in all cases the cause of 
death may be proved. 

With the circuits at higher voltages 
artificial respiration was, in general, 
more successful with the alternating 
than the 
With the alternating current 
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shock; the slightest delay decreases 
the probability of recovery. 

Effect of Current upon the Heart.— 
Mention has already been made of the 
fact that 
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focus the attention on the respiratory 
failure and its possible basis in lesions 
of the central nervous system. 

After the shock, the heart in almost 
every case beat strongly and regularly, 
It grew gradually weaker within the 
first two minutes if breathing was 
not resumed. 

E ffect of Current upon Respiration.— 
Rats shocked on the 110-volt 
ous current system bre: 
ously during the application if it was 
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‘into play. Some breathed with a 
definite stridor or respiratory grunt. 
In other cases breathing was irregular 
and a definite number of from five to 
ten breaths would be followed by a 
pause. These abnormalities suggest 
an intense injury to the respiratory 
apparatus. In many cases these res- 
piratory difficulties continued for 
several days, until the rats were killed. 
A few animals died after a few hours 
and a large hemorrhage was found in 
the fourth ventricle. 

Effect of Current upon Striated 
Musculature.—With alternating cir- 
cuits at all the potentials, a constant 
tetanie contraction of the striated 
musculature oecurred throughout the 
period of the shock and at the higher 
voltages persisted for a few seconds 
after the circuit was opened. With 
the continuous currents at all poten- 
tials, clonie contractions occurred dur- 
ing the shock and sometimes persisted 
thereafter. At 110-volt potential 
these clonic contractions were so weak 
that normal respirations were able to 
break through if the contact was con- 
tinued for over twenty seconds. It 
seems from these observations that 
with continuous currents at low poten- 
tial it might be possible to break the 
circuit with voluntary effort. The 
tetanus of the muscles with the alter- 
nating current when the circuit is 
closed is very sudden and severe, and 
undoubtedly accounts for the severe 
soreness and pain in the muscles of 
humans who survive. 

Following the shocks with alter- 
nating circuits at the higher potentials 
used, abnormal contractions of the 
striated musculature ensued. In 
many cases rhythmic movements of the 
muscles of mastication occurred quite 
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unrelated to respiratory movements. 
Clonie contractions of the extremities 
occurred. One rat exhibited a vertical 
nystagmus that persisted for two hours. 
Convulsions were observed in a few 
animals exposed to a continuous cir- 
cuit at 500 volts. Abnormal tremors 
and spasms of the musculature were 
observed in many of the rats for days 
following the injury. 

Effect of Current upon Smooth 
Musculature.—After injury with the 
alternating current the hair of the rat 
was ruffled and stood out from the 
body; after injury with the continuous 
current the fur lay smooth and sleek. 
This suggests an irritation of the 
pilomotor mechanism with the alter- 
nating current that did not oceur with 
the continuous. When rupture of 
blood vessels occurred in the con- 
junctiva the pupil was, in every case, 
found to be greatly constricted in con- 
trast with the normal eye. 

General Activity of Rats Following 
Shock.—Few of the rats were active 
immediately following the shock. 
Most of them when placed upon their 
backs lay quietly for periods from five 
minutes to over an hour. Breathing 
was usually grossly disturbed. When 
they began to attempt to walk again 
they were considered to have re- 
covered. The rats that later appeared 
completely normal were quiet for the 
first twenty-four hours and refused 
food and water during that time. The 
paralyzed rats never became active, 
never ate, and could be kept alive for 
only three or four days. When the 
period of initial shock was unduly long, 
it was possible to predict that a hemor- 
rhage had occurred in the central 
nervous system. 

Convulsions.—Convulsions were seen 
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only in the series of rats exposed to 
a continuous circuit at 500 volts. 
Four animals during the first hour 
following the shock showed typical 
clonic convulsions of the body and 
extremities. They were all hyperir- 
ritable to stimulation, and the convul- 
sions occurred spontaneously or could 
be initiated by touching the animal. 
They suggested an irritation of the 
vestibular mechanism. No gross le- 
sions in the central nervous system 
were found in these rats. 

Priapism and Emission.—Priapism 
occurred in many of the males shocked 
with a continuous circuit at 1,000 volts. 
In four rats this condition persisted for 
six days, until they were killed. This 
condition is often produeed by spinal 
cord irritation. 

[cmission oecurred in the males sub- 
jected to alternating circuits at 500 
and 1,000 volts. It is believed that 


this was produced by the strong con- 


traction of the musculature. 

Hemorrhages.—Following the shock, 
hemorrhages were observed in different 
portions of the body. In numbers of 
the rats, particularly with the alter- 
nating currents, a small amount of 
bloody fluid emerged from the nose; 
this was produced by the rupture of 
small vessels in the mucous membrane. 
Likewise blood was found in one or 
both eyes as a result of rupture of 
vessels in the conjunctiva. When 
artificial respiration was begun, a rush 
of blood and frothy fluid came from 
the mouth in a few eases; it is probable 
that hemorrhages had occurred in the 
lungs. However, the methods of arti- 
ficial respiration were strenuous for 
such delicate animals and secondary 
trauma may have produced some of 
these injuries. 


The hemorrhages in the central 
nervous system are of the greatest 
interest. Often it was clear that some 
blood had escaped into the syb. 
arachnoid space. Microscopic studies 
that will be reported in greater detail 
later revealed small hemorrhages jn 
the substance of the brain. These 
were particularly common in the brain 
stem. Rupture of the arteries of the 
choroid plexus produced the common 
picture of hemorrhage into the cerebral 
ventricles. At least four rats died 
during the first few hours following 
the shock from large collections of 
blood in the fourth ventricle. 

The mechanism of hemorrhage in 
the spinal cord is very typical for all 
the cases, and from the microscopic 
material already available the story 
of its development can be _ recon- 
structed. The escape of blood was 
often due to the rupture of a small 
artery in the posterior septum of the 
spinal cord in the lower thoracic region. 
The blood escaped among the posterior 
column fibers of the cord, producing 
considerable damage and extending 
for a considerable distance in both 
rostral and caudal directions. If the 
hemorrhage remained small and 
limited to the posterior columns, little 
abnormality was produced in the 
behavior of the rats. In the majority 
of cases the blood extended ventrally 
till it broke into the central canal, 
making possible a greater spread up 
and down the cord. Further exten- 
sion into the ventral columns pressed 
upon the ventral cells or produced 
injury of the tracts to a maximal com- 
plete transverse necrosis of the cord. 

The gross pathologie picture in rats 
which showed severe paralysis of the 
posterior portions of the body was 
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this. On exposing the dorsal surface 
of the cord it was found to be abnor- 
mally soft and the lower portion was 
almost fluid. The posterior columns 
had a reddish-lavender appearance and 
this abnormal color occurred as far 
cranially as the upper thoracic region. 
The lower thoracic and lumbar areas 
of the cord were of a reddish color and 
of almost fluid consistency. When 
transverse sections of the hardened 
cord were cut, it was found that in the 
upper thoracic region only the poste- 
rior columns were necrotic. In the 
lower thoracic area the entire cord 
was often completely disintegrated. 

When microscopic sections were ex- 
amined it was noticed that few signs 
of inflammation were present in the 
necrotic areas. ‘There were a small 
number of white cells composed of an 
equal number of polymorphonuclear 
and mononuclear cells. Many of these 
cells contained fat. The red blood 
cells were inconspicuous and the area 
was filled with an amorphous substance 
produced by the breaking up of the 
axons and the myelin sheaths. The 
central canal had been torn open and 
in come cases there seemed to be a 
slight proliferation of the ependymal 
cells, 

In a few cases the hemorrhages in 
the spinal cord were of a different pat- 
tern. Blood had escaped into the 
gray matter of the upper thoracic cord 
in one case. Several specimens 
showed a rupture of arteries that enter 
the ventral portion of the cord at the 
point where the ventral roots emerge 
giving a picture of two symmetrical 
necrotic areas on either side of the 
ventral midline. 

The hemorrhages were much more 
common as a result of shocks with 
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alternating than with continuous cur- 
rents. The time element was of little 
importance since they were as often 
found after short exposure as after 
long exposure to the current. 

Theories may be considered that will 
account for the production of these 
hemorrhages. Urquhart has shown 
that there is a rise in blood pressure to 
twice its normal height in the period 
immediately following the shock, and 
he believed that the hemorrhages were 
due to this heightened blood pressure. 
Such a theory would account clearly 
for all the hemorrhages described in 
the rats, with the possible exception 
of those in the spinal cord. Much of 
the current passing through the body 
is conducted along the blood vessels 
and might produce a necrosis of the 
vessel walls with secondary hemor- 
rhage. Secondary hemorrhages seem 
to play little part in the present 
experiments. 

To return to a consideration of the 
hemorrhages in the spinal cord, it is 
worthy of note that practically all of 
them were produced by the rupture 
of small arteries entering the postero- 
medial septum of the spinal cord in the 
lower thoracic region. The uni- 
formity of the trauma is difficult to 
explain on the basis of a rise in blood 
pressure throughout the body. The 
hemorrhage appeared to occur always 
at the place of greatest curvature of 
the spinal column. The duration of 
the shock had little influence in the 
production of the spinal hemorrhages. 
It might be suggested that the sudden 
strong contraction of the striated 
musculature and particularly of the 
deep back musculature when the cur- 
rent was first applied, exerted enough 
pull upon the spine and subsequently 
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upon the cord to produce the rupture of 
the arteries. ‘This is further suggested 
by the fact that hemorrhages were 
often found in the deep back muscula- 
ture. The spinal cord lies so free in 
the vertebral canal that it is difficult 
to imagine that any sudden pull on the 
spine, no matter how violent, could 
injure the blood vessels in the cord. 

Paralysis.—The hind legs and the 
posterior portion of the body were 
paralyzed in a large group of rats 
after contact with electric circuits at 
different potentials. The paralysis 
was more common after shocks with 
alternating currents than after shocks 
with continuous currents and there 
were other distinguishing features of 
the two groups. 

Weakness of the hind legs in the 
rats shocked with continuous currents, 
even though severe directly after the 
injury, had a tendency to decrease 
rapidly or even to disappear entirely. 
Even in those rats in which the econdi- 
tion persisted and incontinence de- 
veloped, gross signs of hemorrhage 
in the spinal cord were seldom found 
at autopsy. The paralysis seen after 
injury with continuous currents must 
be attributed to other factors than 
hemorrhage. The characteristic 
neurologic lesions produced with the 
continuous circuits were convulsions, 
temporary paralysis, and priapism. 
All these may be attributed to irrita- 
tion of the central nervous system. 

In the case of paralysis following 
shocks with alternating circuits, it was 
possible to gauge during the life of the 
animal the extent of the hemorrhage. 
When the rats had recovered from the 
period of complete inactivity following 
the injury and attempted to walk, they 
dragged the hind legs. Nocuous 


stimuli were applied to the hind legs 
and tail; if no active response was 
obtained during the first few hours 
following the shock, it was concluded 
that the hemorrhage had been severe, 
involving almost the whole lower por- 
tion of the cord and completely inter- 
rupting the pathways. 

The subsequent behavior of this 
group of paralyzed rats was character- 
istic. After twenty-four hours the 
majority of the animals were incon- 
tinent and blood was found in large 
quantities in the urine. None of the 
animals would eat or drink. They 
showed no spontaneous activity and 
lay quietly for hours at a time in any 
position in which they were placed. 
If disturbed, the anterior portion of 
the body was active. None of them 
could be kept alive for more than three 
or four days. 

It seemed possible that the density 
of the current close to the contact 
applied to the tail might be responsible 
for the severity of the injury in the 
lower portion of the cord. Applica- 
tion of the electrodes to the head and 
one foreleg or to one foreleg and the 
opposite hind leg did not reduce the 
number of hemorrhages. It must be 
concluded that the paralysis of the 
posterior portion of the body was 
primarily due to hemorrhage. Al- 
though developing hemorrhages in the 
cord were found in a number of rats 
that died as an immediate result of the 
shock, it is doubtful whether the spinal 
cord injury was responsible for this 
immediate death. The paralyzed ani- 
mals had no hope of permanent 
survival. 

Incontinence and Hematuria.— 
Twenty-four hours after the shock 
most of the paralyzed rats were found 
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to be incontinent and blood was pres- 
ent in the urine. The incontinence 
and hematuria were indirect results 
of the spinal cord injury. ‘The hemor- 
rhage cut off the efferent stimuli to the 
bladder with resulting atony of the 
musculature; this subsequently became 
sg distended that small blood vessels 
in the wall ruptured with escape of 
blood into the cavity. At autopsy 
the bladder was found to be greatly 
dilated; often a large blood clot filled 
the cavity. Characteristic micro- 
scopic changes were found in the blad- 
der wall and in the kidneys, which will 
be described in a subsequent report. 

Effect of Current upon Blood Pres- 
sure.—Hemorrhages in the present ex- 
periments were much more common 
with the alternating current than with 
the continuous current. ‘The question 
arises as to whether the increase in 
blood pressure was as great following 
injuries with the continuous current. 
It is easily possible that with less severe 
tetanic contractions of the muscles 
during the continuous current injuries 
the blood pressure did not subse- 
quently become markedly elevated. 
This should be studied in some larger 
laboratory mammal. 

Lffect of Current upon Temperature. 
—With currents at low potential, 
death may sometimes be due to in- 
crease in temperature with the 
increased metabolism sufficient to 
cause a coagulation of protoplasm. 
One experiment in the present group 
Suggests this result. A rat was ex- 
posed to an alternating circuit at 
220-volt potential for thirty-five sec- 
onds. During that time the rectal 
temperature rose from 36.5° C. to38° C. 

Effect of Current upon the Blood.—A 
study of the changes in the blood of the 
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rat, following electric shocks, was made 
by Miss Peabody. The animals ex- 
amined were injured with alternating 
currents at 500 and 1,000 volt poten- 
tials. No constant change in the red 
blood cell count was found even in 
those animals in which hemorrhages 
in the spinal cord were known to have 
occurred. 

A differential count showed that 
normally only a small number of the 
white blood cells of the rat were poly- 
morphonuclear cells. A number were 
typical small lymphocytes; the great 
majority of the cells were larger and it 
was difficult either by the vital technic 
or in Wright’s stain to differentiate the 
large lymphocytes from cells of the 
monocyte series. It seemed sufficient 
to divide the white cells into two 
groups, polymorphonuclear and mono- 
nuclear. There was a_ well-marked 
increase in white blood cells following 
the shock and the ratio of polymorpho- 
nuclear cells was increased. More de- 
generating white blood cells were found 
insmears. ‘The leukocytosis appeared 
within two and a half hours following 
the injury. 


Plans for Further Studies 


This report gives little information 
concerning the problem which was of 
primary interest in planning and carry- 
ing out this experimental work— 
namely, changes produced in the cen- 
tral nervous system by electric cur- 
rents. The reason for this is at once 
obvious, for a considerable time is 
required to prepare and study the 
microscopic material. This work will 
be finished soon. A partial descrip- 
tion of the hemorrhages in the nervous 
system has already been given and this 
subject will be elaborated further. 
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Sufficient sections of the central nerv- 
ous system have already been pre- 
pared to suggest that severe damage to 
the nerve cells is produced. At 
autopsy the central nervous system 
was removed at once and fixed in 95 
per cent. aleohol. This fixation per- 
mits a study of nerve cell pathology. 
It is believed that this method of fixa- 
tion was adequate to permit reliable 
statements to be made with some 
assurance concerning actual changes 
in the nerve cells. The sections are 
stained with thionin and with hema- 
toxylin and eosin. It is hoped that a 
statement can be made in reference to 
ach rat, as to whether the changes in 
the nervous system were sufficient to 
account for the death or the abnor- 
following the shock. 
This constitutes a considerable tech- 
nical problem. 


malities seen 


Another extremely important ques- 
tion demands further investigation. 
Urquhart believes that the respiratory 
failure is due to a temporary block in 
the central nervous system. Provided 
no cardiac damage has occurred, arti- 
ficial respiration, if it is begun at once, 
should save all the animals in which 
breathing is suspended following the 
shock. ‘The present experiments do 
not appear to support this theory of 
Urquhart’s. It is realized, however, 
that the technic of artificial respiration 
was not perfect in the case of the rat. 
It is proposed to test this theory again 


in larger animals where adequate arti- 
ficial respiration ean be applied by 


intratracheal insufflation. 
Certainly it has been shown that 
hemorrhages occur in the central nerv- 
ous system that are incompatible 
with life. 


means of 


SUMMARY 


The rat is a convenient animal fo; 
studying the effect of electricity upon 
the central nervous system, since the 
heart recovers spontaneously from the 
ventricular fibrillation produced by 
the shock. It is believed that few if 
any deaths in this series were caused 
by cardiac failure. In such biologie 
experiments there are so many variable 
factors that it is impossible to stand- 
ardize the lethal application of the 
current. Series of animals were 
studied after application of alternating 
and continuous circuits at 110, 220, 
500, and 1,000 volt potentials. The 
time that the current was allowed to 
flow was varied in each group. The 
electrodes were applied to the top of 
the skull and to the base of the tail. 

The mortality increased in propor- 
tion to the depth of the anesthesia. 
No sex differences in susceptibility to 
the current were found. Small young 
animals were less resistant than 
adults. 

With circuits at 110 and 220 volts, 
more injuries were produced with alter- 
nating than with continuous current. 
With a circuit at 500-volt potential, 
the effects were equalized, but with a 
circuit at 1,000-volt potential it was 
clear that the continuous current pro- 
duced greater injury than the alter- 
nating. This was particularly well 
demonstrated when the time of appli- 
cation was taken into consideration. 

A number of rats in all these groups 
never breathed following the shock 
even though artificial respiration was 
employed for a considerable period. 
Many of the animals that survived 
showed a paralysis of the posterior por- 
tion of the body with the subsequent 
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development of incontinence and 
hematuria. ‘This paralysis was more 
econmon with the alternating than 
with the continuous circuit. Some 
rats died during the first few hours 
from a hemorrhage in the cerebral 
ventricles. Many others recovered 
and appeared normal following the 
injury. 

Characteristic abnormalities were 
found in each group shocked with the 
alternating and continuous circuits at 
different potentials. The continuous 


current often produced symptoms of 
central nervous system irritation, such 
as convulsions, priapism, or paralysis 
that tended to regress. 

Hemorrhages were common follow- 
ing the contact with electricity, par- 
ticularly with the alternating circuit. 
A large hemorrhage in the spinal cord 
was found in all the rats in which the 
posterior portion of the body was 
paralyzed. 

The nerve cells also showed char- 
acteristic abnormalities. 
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A NEW KATA-THERMOMETER FOR HOT ATMOSPHERES AND 4 
SIMPLIFIED METHOD FOR COMPUTING* 


T. C. Aneus, Leonarp HILu, AND H. E. Soper 


From the National Institute for Medical Research, Hampstead, London 


RACTICAL — experience has 
shown that one of the greatest 
uses of the kata-thermometer is 

as an anemometer. The instrument 
is frequently required to investigate 
the ventilation of hot enclosures where 
the air temperature may either be so 
high as altogether to preclude the use 
of the dry kata, or sufficiently high 
to make its cooling period inconven- 
iently long. ‘To mect the need for an 
instrument to measure the conditions 
in such hot enclosures, Leonard 
Hill has introduced the modified kata- 
thermometer here described. 

While this paper was being com- 
pleted, an account was published by 
Yaglou and Dokoff of the behavior of 
the ordinary kata with various air 
velocitics at very high temperatures, 
including observations on the rate of 
heating. ‘The heating power of the 
air as measured by the ordinary kata 
is likely to be of value only for measur- 
ing air velocity at temperatures over 
105°F., for the same reason that its 
cooling power is difficult to use at 
temperatures above 92°F.: 7.e., with 
small differences of temperature be- 
tiveen kata and air the times of heating 
The high 
temperature kata is available for such 


or of cooling are very long. 


* Received for publication Nov. 20, 1929. 


purposes for all endurable air tempera- 
tures. Fuller reference will be made to 
this paper later on. 

The new instrument has its bulbs 
made to the same gauges as are used in 
making the original body temperature 
kata and its stem has the same bore, 
but the amount of spirit in the bulb is 
reduced, so that the two points, 5°F. 
apart, marked on the stem to give the 
working range of the instrument, are 
at 125°F. and 130°, instead of at 95° 
and 100°F. The new instrument thus 
has a mean temperature 30°F. higher 
than that of the old one and conse- 
quently the value of 6, the tempera- 
ture difference between the bulb and 
the surrounding air, is greater by this 
amount; this causes the time of coo!l- 
ing in air of any given room tempera- 
ture and velocity to be considerably 
less for the new high temperature kata 
than for the original one, and enables 
the new instrument to operate in 
temperatures of over 100°F. 

It must be noted that the values of 
cooling power indicated by this new 
instrument, though stated in milli- 
calories per square centimeter per 
second, are not comparable with the 
cooling powers of the original kata in 
so far as the readings of that kata are 
standardized in terms of human com- 
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fort and physiologic reactions. In 
order to avoid possible confusion, it 
would be well to record any observa- 
tions made with the high temperature 
ata by subscripts to the symbols— 
eq., if @ and H describe temperature 
difference and cooling power for the 
low temperature kata, 62 and He shall 
be the denominations when the high 
temperature kata is employed. 

We have found that within the 
limits of accuracy of the technic em- 
ployed, the original and the new in- 
struments obey precisely the same 
laws of cooling and that, in fact, H/@ 
is replaceable by He/@2 in the relation- 
ships with velocity. The consider- 
able practical advantage results, there- 
fore, that the same formula and the 
same nomographs can be used with 
each instrument, provided a simple 
allowance is made for the displaced 
temperature range when the new kata 
is employed. 

The particulars of the experiments 
which we undertook and of the subse- 
quent calculations which we made to 
evaluate the laws of the new instru- 
ment and to bring them into compari- 
son with all the previous work are too 
lengthy for publication,! but they are 
kept for reference at the National 
Institute for Medical Research, Hamp- 
stead, where they may be seen by 
anyone desiring to examine the evi- 
dence. 

Experiments were carried out 
and: 

1. The factor of the new kata was 


! Very detailed analysis of the experimen- 
tal observations in all their bearings was 
made by Miss E. M. Newbold assisted by 
Mr. J. W. Martin and Miss C. A. Thomas, 
and latterly by Mr. H. E. Soper, and in this 
paper only a bare summary of the results 
18 indicated. 
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determined in a still air chamber and 
in a mercury calorimeter (1). The 
difference between the factor values 
as determined by these two methods 
is very similar to the difference that 
was found between the factors of the 
ordinary low temperature kata when 
so determined; this shows that there 
can be no great difference between the 
physical actions (such as convection 
currents) affecting the two instruments 
when cooling in still air. 

2. Calculation showed that the new 
instrument has not a significantly 
lower water equivalent on account of 
the reduced quantity of alcohol. 

3. Two hundred thirty-five observa- 
tions were taken of the cooling times of 
the new kata in air moving at velocities 
of from 0 to 16 meters per second, the 
measured air velocities being obtained 
by a whirling arm method for the low 
velocities and by a calibrated ane- 
mometer in a wind tunnel for the high 
velocities. 

A preliminary plot of the 235 new 
high temperature kata observations 
together with the 108 original stand- 
ard kata observations (2) and the 124 
subsequent observations (3) did not 
show to the eye any change in the 
law connecting the cooling power for 
each degree of temperature difference 
with air velocity when the higher 
working range of temperature was 
used; so all the data were pooled, 
giving a total of 467 observations, 
wherewith to confirm or improve the 
previous formulas. In the end, a 
more exact numerical computation was 
made of the differences in the behavior 
of the high temperature and the stand- 
ard katas in the several parts of the 
range of velocity, and in this way the 
conclusion was reached that the differ- 
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ences were too small for quantitative 
estimation. 

The formula previously obtained for 
the 124 observations (8) was 


H/o = 0.50803 Vy + 0.10551 — (1) 
where H = cooling power in millicalories 
per second per square centi- 
meter of cooling surface (= 
factor of instrument + time 
of cooling) 

@é= mean temperature difference 
between the kata bulb and 
surrounding air, in degrees 
centigrade 


v = air velocity in meters per 


second 


and this formula fitted the observa- 
tions between the limits of velocity 
v=0.3 tov = 5.2. 

In the present investigation, in 
order to extend the range of applic- 
ability and increase the precision, 
best fitting lines and parabolas were 
fitted to suecessive portions of the 
plot of the 467 points from v = 0 to 
v = 16, and from these linked curves 
the values of H/@ against v shown in 
the second column of Table 1 were 
computed.? From the same detached 
formulas was also constructed the first 
nomograph of the two mentioned 
below. 

It was thought that a single formula 
should be found to cover the entire 
range from v = 0 tov = 16; the type 
chosen was that which results from 
supposing that the thermometer has 
an internal resistance, leading to its 
surface temperature 6, (above air) 


? When employing the ordinary kata, @ = 
97.5°F. — air temperature. When employ- 
ing the high temperature kata, @ = 127.5°F. 
— airtemperature. 61s increased by 30°F. 
or by 16.7°C. and the cooling power H 1s in- 
creased in the same proportion in which @ 
has been increased, the ratio H»2/@: remain- 
ing unchanged. 


being less than its registering tempera. 
ture 6 (above air), and that the ther. 
mal flow from surface into air follows 


TABLE 1.—VARIATION IN VALUES Op 

N/@ BETWEEN PRESENT RESULTS 
(FORMULA C) AND PREVIOUS RE- 

SULTS (FORMULA 1) 
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12 | 1.742 || 1.730 | —0.7)...... Rare 
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1Calculated from the full working fig- 
ures. 


a law of the general form (a + bv”) 
<x 6. The equation for the fitted 
curve,’ expressed in the above degrees 


3'This curve combines the equation H = 
3.33 (§—86,), attributing to the thermometer 
aconductivity of 3.33 millicaloriespersquare 
centimeter per second per degree centigrade 
(say that of 1 mm. of alcohol in the direction 
of the heat flow from core to surface), with 
the equation H = (0.294 + 0.4538v 4/°) @s, 
giving a still air emission of 0.294 from 
glass and a law with velocity varying as its 
0.8 power instead of its 0.5 power as usually 
taken. Some experiments on the time oc! 
fall when the kata is dipped in mercury ap- 
peared to point to a conductivity in the 
neighborhood of 5. 
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centigrade and meters per second 


units, 18 


H 216+ 3.33 Vv” 


6 8 +4 yl 


H/e — 0.27\°/4 
lol (ie = i) (C) 


Expressed in degrees Fahrenheit and 
feet per minute units, this becomes 





H 1.2 + 1.85 (w’/197)"” 








6’ 8 + (y’/197)" 
yt H/o’ — 0.15\>/4 
5 ae ee (C”) 
197 1.85 — H/o 


The values given by this through 
formula are shown in column 3 of 
Table 1, together with their percentage 
differences from the detached values 
in column 2. 

From formula C’ are computed 
the values of H/6’ against v’ given 
in Table 2 which are also the values 
needed in the construction of the 
second of the two nomographs men- 
tioned below. 

In order to compare present find- 
ings with past findings, in column 4 
of Table 1 are shown the values given 
by the nomograph previously pub- 


lished (3) and their percentage differ- 


ences from the values in column 2. 
It will be seen that the nomograph is 
accurate for the portion of the curve 
served. 

Besides the formulated, or mean, 
values, we require also to know the 





The formula C is difficult to calculate 
and the simpler formula H/@ = V0.29(0.26 
+ v) will give the same values, within 2 per 
cent., for values of v from v = 0.1 tov = 6. 
[ts inversion is v = (H/@)?/0.29 — 0.26. 
Chis formula is purely empirical. 
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character of the departures of the indi- 
vidual observations, from these values, 
as shown in our detailed data. The 
differences may reside in the values 
attributed to H/é@ or in the values 
attributed to v; appeal to the chart 
cannot decide which. Assuming that 
the differences reside chiefly in the 
measurements of v, it appears, as the 
result of our calculations, that the 
errors in measuring air velocities by 
the kata-thermometer average a trifle 
over 10 per cent. of their value, plus 
or minus. 

Two nomographs have been made: 

1. A nomograph with logarithmic 
scales and divided in metric and 
British units, giving accurate readings 
of velocities from 0.02 to 5.4 meters 
per second and of temperatures from 
0° to 34°C. This nomograph is very 
similar to that published in the work 
referred to above, but has the advan- 
tage that it includes the low velocity 
range. 

2. A double nomograph divided in 
British units and designed for field 
use by engineers and others. It con- 
sists of five scales. From the points 
on the first scale of factors and the 
second scale of seconds is found by 
a thread or straight edge the point on 
the third scale of cooling power, and 
from this point and the point on the 
fourth scale of room temperature is 
found the point on the fifth scale of air 
velocity. (Tig. 1.) 

Kither nomograph can be used with 
the new high temperature kata. In 
this case, since the kata has been 
raised 30°F. (16.7°C.) in temperature, 


‘ The first of these nomographs has not 
been published as it is so very similar to 
that shown in an earlier report (3); the 
second may be obtained from Messrs. J. 
Hicks, 8, Hatton Garden, London, kL. C. 
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TABLE 2.—RELATIONSHIP BETWEEN VALUES OF H/6’ AND AIR VELOC! try 
H = cooling power in millicalories per second per square centimeter of cooling surface — 
factor of instrument + time of cooling. 
6° = mean temperature difference between kata bulb and surrounding air, in degree, 
‘ahrenheit. 


, . . . . 
v = air velocity in feet per minute. 
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ve | Hye’ || H/0’ vo | OH 
v’ = 0 to 800 
200 0.341 || 400 0.457 600 0.547 
210 348 | 410 462 610 551 
220 354 || 420 467 620 555 
230 361 || 430 472 630 559 
240 367 | 440 477 640 563 
250 | .373 || 450 .481 650 567 
260 .380 | 460 .486 660 571 
270 .386 || 470 491 670 575 
280 .392 || 480 495 | 680 578 
290 .398 || 490 .500 690 582 
300 403 || 500 .505 700 .586 
310 409 | 510 509 710 590 
320 | 415 || 520 513 || 720 593 
330 | .420 || 530 518 || 730 597 
340 426 | 540 522 740 601 
350 431 || 550 526 | 759 .604 
360 | 436 |, 560 531 | 760 608 
370 | 442 | 570 535 || 770 611 
380 | .447 || 580 539 || 780 615 
390 | 452 || = 590 543 || 790 618 
400 | 457 || 600 547 | 800 621 
v’ = 800 to 3,200 
1,400 | 0.788 | 2,000 | 0.905 2,600 0.994 
1,450 799 | 2,050 | .913 || 2,650 1.000 
1,500 810 || 2,100 | .921 || 2,700 1.007 
1,550 | 821 || 2,150 929 || 2,750 1.013 
1,600 831 | 2,200 937 || 2,800 1.019 
1,650 841 || 2,25 945 || 2,850 1.025 
1,700 | 851 || 2,300 952 || 2,900 1.031 
1,750 | .860 || 2,350 | .959 || 2,950 1.037 
1,800 | 870 || 2,400 | .967 || 3,000 1.042 
1,850 | 879 || 2,450 | 974 || 3,050 1.048 
1,900 | .888 || 2,500 | .980 || 3,100 1.053 
1,950 | .896 || 2,550 | .987 || 3,150 1.059 
2,000 | 905 || 2,600 994 |! 3,200 1.064 


readings of temperature 


upon the chart must be similarly in- 
creased, to keep the same differences, 
6. It will come to the same thing if 





like amounts are deducted from the 
thermometer reading. 

The original nomograph published 
by Messrs. J. Hicks, makers of the 
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.ata-thermometer, and now in use is 
‘ound to conform to the new formula 
within the limits of accuracy of the 
‘nstrument at velocities below 2.5 
meters per second (500 feet per min- 


S 
oS 


ra 
444 = HH 


++ 


S 


las 
© 
=] 
HH H+ f+ 


wet 
1 


hy 





-— 


a ee oe ee oe 
ae ee ae ene ee ee ee 


nN 
© 


wy 
— = a 


' | | ' if 1 









— 


= ij 
T 





between velocities calculated by the 
older formula and those calculated by 
the newest formula. 

In a paper by C. P. Yaglou and 
Kroum Dokoff (4), received by us 
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Fic. 1.—Nomograph for high temperature kata. 


ute) and so its use may safely be con- 
tinued by those who have it for meas- 
uring such velocities. At the low 
velocities found in inhabited enclos- 
ures, there are no serious differences 
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since the foregoing was written, atten- 
tion is drawn to the want of experi- 
mental observations in calibration of 
the ordinary kata for use for room 
temperatures over 100°F.—that is, 
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for use as an instrument for measur- 
ing the heating power of the still or 
moving airuponthe body. ‘The paper 
describes the results of a great many 
observations that were taken of the 
behavior of the ordinary kata, both 
dry and wet, using temperature ranges 
from 35°F. to 165°F. for dry kata and 
32°. to 112°F. for wet kata, for air 
velocities held at 0, 20, 40, 75, 100, 
220, 440, 660 feet per minute, and at 
relative humidities varying from 2 to 
100 per cent. 

In the case of the dry kata, the re- 
sulting plots of H against 6 for each 
air velocity show a bending of the line 
outward for the smaller air velocities, 
thus indicating that the cooling (or 
heating) of the bulb increases rather 
more rapidly than in true proportion 
with the temperature difference. ‘The 
“chimney” effect, if such it is, is hardly 
discernible for air velocities greater 
than 0.5 meter per second and our 
observations below v = 0.5 are in- 
sufficient in number to confirm the 
finding. A similar effect is found for 
room temperatures both below and 
above the kata temperature; in the 
latter case a downflow of cooler air, 
past the bulb, would be the supposi- 
tion. In either case it is necessary 
also to suppose that the effect in- 
creases faster than it would by pro- 
portionality with @. According to 
the graph, when the air velocity is as 
low as 20 feet per minute (0.1 meter 
per second) the effect will add some 8 
per cent. to the reading of the instru- 
ment, supposed correct at 65°F. room 
temperature, when the temperature is 
as low as 35°F. 

These experiments appear to confirm 
the view that excepting where the 
temperature difference is out of the 


ordinary, say over 60°F., and ai; 
currents are very light, say under 29 
feet per minute (0.1 meter per second), 


TABLE 3.—COMPARISON OF VALUES 
OF H/e FROM YAGLOU-DOKOrP 
CHART WITH VALUES CoM. 
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VALUE 
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FORM- 
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./min. | 
0 | 0. 0.270 
20 | 33% .330 

; 313 

.448 .437 

471 477 

.650 | = .688 

.867 .858 


+2.0 
+1.8 
+1.5 
+1.4 
#1 .0 
+0.7 














ures. 


there is no occasion in practical work 
to assume greater refinement than 
that given by a linear law connecting 
H with @. 

It is in measuring cooling power and 
especially in deducing air velocities 
when room temperature is near the 
kata or body temperature that errors 
are most troublesome, and it was to 
eliminate such sources of error that 
the present kata, working at a higher 
temperature than body temperature, 
was devised. The observations made 
with this hot bulb kata show that the 
same formula covers the behavior of 
both warm bulb and hot bulb instru- 
ments. It was necessary in our case 
to obtain a graduation formula to cover 
the whole experience, in the light of 
which the several constituent groups 
of observations could be examined. 
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The authors of the paper do not at- 
tempt to formulate the relation of H 
and v for given @, even for so limited 
4 range of velocities as 0 to 660 feet 
per minute (0 to 3.35 meters per sec- 
ond); and our attempt to obtain a 
formula that will need no qualifica- 
tions either for small velocities up to 
9») feet per minute or for large velocities 
up to 3,300 feet per minute may sug- 
cest a reexamination by Yaglou and 
Dokoff of their very extensive experi- 


mental data to elucidate the law and 
its refinements for large values of the 
temperature difference 0. 

As far as could be done by measure- 
ments of a chart, we have compared 
the results obtained by Yaglou and 
Dokoff with our formulas for the re- 
lation of H/@ to air velocity. We find 
that at temperature 65°F’. their differ- 
ences are little over those which might 
be expected to arise from chart meas- 
urements (see Table 3). 
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THe DiaGnosis or Heautu. By William R. 
P. Emerson, M.D., Medical Consultant 
in Physical Fitness at Dartmouth Col- 
lege; President, Nutrition Clinics, Inc.; 
Author of ‘‘Nutrition and Growth in 
Children.’ Cloth. Pp. xiv, 272 with 
index and illustrations. New York: 

D. Appleton Co., 1930. 


This book is a full and simple 
summary of the author’s technic for 
being well and keeping well. 
tains nothing either 
weighty. 


It con- 


mysterious or 
It will be of more use to 
school nurses and teachers in schools 
and colleges than to persons with a 
large amount of technical training. 


It would seem to the reviewer that 
the material which deals with person- 
ality and with what is called health 
intelligence, could well be used in the 
cases of many subnormal persons in 
industry. There are aspects of the 
book, such as the emphasis upon 
weight as an index of physical fitness, 
to which exception may be taken, but 
on the whole the material presented is 
useful and stimulating, and where 
overemphasis occurs it deals with 
matters not profoundly important for 


the success of the program outlined.— 
Cecil K. Drinker. 
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